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Gas sensing with field-effect transistors
A general introduction into the use of field-effect transistors as gas sensors is presented.
First, the need for NOx sensors is highlighted, followed by an overview of existing sensors.
The working principle of a transistor is introduced and the benefits of the transistor as
gas sensor are explored. At the end of this chapter, the scope of this thesis is presented.
1
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1.1 Introduction
Development of miniaturized, low-cost electronic sensor techniques is important to make
gas sensors generally available for a broad range of applications. Especially for in- and
outdoor air quality monitoring, medical diagnostics and food quality control, the demand
for small and low-cost gas sensors is high. Carbon dioxide sensors can, for example, be
used in air-conditioned buildings or vehicles interiors. Oxygen sensors can be used to
optimize the combustion in engines and power plants, and methane sensors can be used
to detect gas leaks. Sensors in intelligent food packaging can identify if the meat or fish
is still fresh. Furthermore, several diseases can be detected by analyzing trace gases in
exhaled breath. The use of electronic sensors in these applications has the advantage
that the signal can easily be read and recorded via low-end supporting electronics.
The electronic sensor that is studied in this thesis is based on a field-effect transistor
(FET), a three terminal device that acts as a micro-electronic switch. An interesting
application area for field-effect transistor based sensors is the detection of nitrogen oxides,
NOx. Nitrogen oxides are released during the combustion of fossil fuels and play a major
role in the formation of ozone, acid rain and smog. Nitrogen dioxide, NO2, is used as the
indicator for the larger group of NOx and is the component of greatest concern. Inhalation
of NO2 has been linked to adverse respiratory effects such as airway inflammations.
Real-time monitoring of NO2 is therefore of utmost importance for public health and
environmental safety. In this thesis, the operational mechanism of NOx detection with
field-effect transistors is investigated and the obtained insights are used to develop a
sensitive real-time NO2 sensor.
This chapter serves as a general introduction into gas sensing with field-effect transist-
ors. First the impact of NOx emission on public health and the environment is discussed.
Then an overview of the existing NOx sensors used to monitor and control the NOx
emission is presented. For very sensitive detection of NOx, field-effect transistors have
been investigated. The operation principle of a transistor is introduced and the benefits
of the transistor as gas sensor are explored. The outline of this thesis will be presented
at the end of this chapter.
1.2 Nitrogen oxides
Nitrogen oxides, NOx, are dangerous air pollutants.
1,2 This group contains highly reactive
gases such as nitric oxide (NO) and nitrogen dioxide (NO2). Nitrogen oxides play an
important role in the chemistry of the atmosphere. Under the influence of sunlight, NO2
breaks down in NO and an oxygen radical. The oxygen radical reacts further with oxygen
2
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to create ozone, which is a major cause for smog. The created NO reacts with oxygen,
ozone or oxidized organic species and NO2 is formed again. In this reaction cycle, the sum
of the NO and NO2 concentrations remains nearly constant. Furthermore, NOx gases
react in heat and sunlight with ammonia, moisture, hydrocarbons and other compounds
to form tiny particles or acid rain.
Nitrogen oxides are released during the combustion of fossil fuels. In 2009, the most
significant sources of NOx emissions in Europe were the ’Road transport’ sector (38 %),
the ’Energy production and distribution’ sector (22 %), the ’Commercial, institutional and
households’ sector (15 %) and the ’Energy use in industry’ sector (13 %), as presented
in the chart in Figure 1.1.3
Figure 1.1: The contribution made by different sectors to emissions of nitrogen oxides in 2009
in Europe. Data obtained from the European Environment Agency (EEA).3
The huge amounts of NOx released into the atmosphere everyday can cause fatal
problems not only to human beings but also to animals and plants, both aquatic and
terrestrial.1 Inhalation of NOx has been linked to adverse respiratory effects like airway
inflammation in healthy people and to increased respiratory symptoms in people with
asthma. For air quality monitoring, NO2 is the most interesting compound as it can be
used as the indicator for the larger group of nitrogen oxides. The U.S. Environmental
Protection Agency has set the air-quality standard at a level of 53 ppb NO2.
Another interesting application is the detection of nitric oxide for medical diagnostics.
Detection of nitric oxide in exhaled breath can be used to identify an infection of lung
3
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tissue.4,5 The NO level in exhaled breath increases three to fivefold a few days before an
asthma attack. When patients with asthma could monitor their NO level at home with
a hand-held device, they could preventively take medicines.
1.3 Existing sensors
The huge impact of NOx emission on public health and the environment has led to
extensive scientific and technological progress in the field of NOx sensors. For real-time
monitoring and controlling air quality, sensitive, calibrated and reliable NO2 sensors have
been developed. There are a variety of monitoring methods commercially available, such
as chemiluminescent, electrochemical, resistive and optical sensors.
In the detection method based on chemiluminescence, the light resulting from a
chemical reaction is detected. The chemiluminescent sampler for the measurement of
NO2 relies on the reaction of NO with O3 to produce an excited form of NO2. As
the excited molecule returns to its ground state, fluorescent radiation is emitted. The
intensity of the light is proportional to the concentration of NO. A sensor based on this
method is sold by Eco Physics and depicted in Figure 1.2a.6
Figure 1.2: Commercially available NO2 sensors. a) NO analyser Eco Physics based on chemi-
luminescence.6 b) Electrochemical sensors Alphasense.7
A variety of portable samplers are available that are based on the use of electro-
chemical cells.8 The operation principle depends on the electrochemical reduction of
NO2 between two electrodes immersed in an electrolyte reservoir. NO2 present in the
sample air passes through a capillary diffusion barrier into the reaction cell, where it is
reduced at the electrode. The migration of electrons produced by the reaction results
in a net current flow, which is proportional to the NO2 concentration. Electrochemical
NO2 sensors are for example available from Alphasense (see Figure 1.2b) and Dra¨ger. An
electrochemical sensor is used as well for NO analysis in exhaled breath. In 2005, a hand-
held device was developed by Aerocrine, the NIOX MINO, which is able to determine the
NO concentration in exhaled breath accurately.9
4
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The most common NO2 sensors, however, are chemiresistors based on semiconducting
metal oxides such as tin oxide, SnO2, tungsten oxide, WO3, or zinc oxide, ZnO.
10–12
Porous oxide layers with high specific surface area’s are used. The gas diffuses into the
oxide and modulates the grain boundary resistances by transfer of charge carriers from
the semiconductor to the adsorbed surface species. Nowadays, many companies offer
metal-oxide based gas sensors, like AppliedSensors and Synkera Technologies Inc.
1.4 Field-effect transistors
Because of the need for sensitive NO2 sensors for air-quality monitoring, new strategies
from material synthesis to new device technologies are being pursued. One of the ap-
proaches is the application of field-effect transistors as NO2 sensors. The field-effect
transistor is the basic building block for solid-state electronics. A FET acts as a micro-
electronic switch. Here a brief introduction is given. For more information on (organic)
field-effect transistors, the reader is encouraged to read several review articles.13–15
The basic lay-out of a field-effect transistor is presented in the inset of Figure 1.3.
A semiconductor layer is contacted by two electrodes, the source and the drain. The
third electrode, the gate, is electrically insulated from the semiconductor layer via an
insulating oxide layer, creating a parallel plate capacitor with a capacitance per unit
area, Cox. By applying a gate bias, VG, with respect to the source electrode, charge
carriers can electrostatically be accumulated or depleted in the semiconductor at the
semiconductor-insulator interface. Due to this field-effect the charge carrier density in
the semiconductor can be varied. Therefore, the resistivity of the semiconductor, and
hence the current through the semiconductor (upon application of a source-drain field),
can be varied over orders of magnitude.
The semiconductor may consist of metal oxides,16 carbon nanotubes,17 small mo-
lecules,18 or polymers13 among other materials. Figure 1.3 shows a typical transfer curve
of an n-type ZnO transistor, where the drain current is measured as a function of gate
bias at a constant drain bias. At positive gate bias electrons are accumulated in the chan-
nel. Upon applying a source-drain bias, current flows. At negative gate bias all electrons
in the n-type semiconductor are depleted. Holes cannot be injected and, furthermore,
are immobile in an n-type semiconductor. Hence, as schematically depicted in the inset
of Figure 1.3, in depletion no current flows. For a p-type semiconductor, the majority
carriers are holes. The transfer curve is then mirrored. In Figure 1.3 the current starts
to flow around zero gate bias. This onset is called the pinch-off voltage. The gate bias
at which an accumulation channel starts to form is called the threshold voltage, Vth.
The threshold voltage is determined by linearly plotting the source-drain current as a
5
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Figure 1.3: Typical transfer curve of an n-type field-effect transistor measured with a drain bias
of 2 V. In the insets, schematic presentations of transistors in the off- and on-state are shown.
At a negative gate bias the semiconductor is depleted and the transistor is off. At a positive
bias electrons are accumulated in the semiconductor at the semiconductor-SiO2 interface and
current flows.
function of the gate bias and taking the intercept of the extrapolated transfer curve with
the voltage axis. A threshold voltage shift is assumed to be due to trapped charges with
surface density Ntr. The threshold voltage shift, ∆Vth, is then given by ∆Vth = eNtr/Cox,
where e is the elementary charge. Another transistor characteristic is the on-off ratio:
the ratio of the current in the on-state and the current in the off-state.
The transistor is measured in the linear regime, where the drain bias, VD, is much
smaller than the gate bias, VG. When the drain bias is equal to or larger than the bias
on the gate, the transistor is driven in saturation. In both regimes, an expression can
be derived for the absolute value of the current analogous to classical inorganic MOS
modeling.19 This expression does not take the gate voltage dependent mobility and
contact resistance into account. In the linear regime (|VD|  |VG − Vth|) the source-
drain current, ID, can be approximately described by:
I linD = −µlin
CoxW
L
(VG − Vth)VD (1.1)
in which W and L are the width and length of the transistor, and µlin the mobility of the
charge carriers in the linear regime. The mobility of the charge carriers can be extracted
from the current-voltage characteristics. The usual way to deduce the mobility is to take
6
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the first derivative of the source-drain current to the gate bias, divide by the drain bias







The source-drain current in the saturation regime, when |VD| ≥ |VG − Vth|, equals:
I satD = −µsat
CoxW
2L
(VG − Vth)2 (1.3)
The saturated mobility can then be obtained by taking the second derivative of the
source-drain current to the gate bias and correct for the geometrical parameters of the
transistor:







1.5 Field-effect transistors as gas sensors
The electrical characteristics of a transistor change upon exposure to a wide range of
gases. The changes can be monitored using multiple transistor parameters, such as the
bulk conductivity, the mobility and the threshold voltage.20,21 In literature, several op-
tions for the underlying mechanisms have been suggested. The electrical response may
be caused by bulk resistive changes arising from doping effects, local dipole screening
effects, partial charge transfer between the materials or analyte-induced charge trapping.
In general, a larger current change is observed upon exposure to higher analyte concen-
trations. An advantage of a transistor over a resistor is the amplified sensor response due
to current modulation by the gate electrode. Furthermore, the control of charge carrier
density in the semiconductor by the gate electrode can be exploited. Analyte-induced
charge trapping can be fastened when a high charge carrier density is induced.
Field-effect transistors have attracted attention as gas sensors for a wide range of
gases. Already in 1975, a hydrogen sensor based on a Pd-gated MOSFET was demon-
strated.22 This sensor exhibited a threshold voltage shift depending upon the gas concen-
tration and was particularly sensitive to hydrogen down to the ppm level with maximum
threshold voltage shift of about 0.5 V. In recent years, a wide variety of semiconductors
has been used in transistors for gas sensing, such as carbon nanotubes,23 organic20,24–29
and oxidic30 semiconductors.
For NO2 detection, a range of sensing layers has been used, such as amorphous
organic semiconductors,31,32 porous silicon,33 metal oxides,34 carbon nanotubes35–43 and
7
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silicon44 and metal oxide nanowires.45 In all cases changes in current upon NO2 exposure
have been demonstrated; i.e. a current decrease for n-type semiconductors and a current
increase for p-type semiconductors. The current change is in agreement with a threshold
voltage shift towards positive gate biases. In addition, response to 10 ppb NO2 has been
reported.
1.6 Scope of this thesis
This thesis presents a thorough study on NOx detection with field-effect transistors. The
research comprises experimental measurements, modeling of the effect of NOx on charge
transport and characterization of trapped charges. Finally the thesis is complemented
with the demonstration of a newly developed real-time NO2 sensor that operates in
ambient air.
In Chapter 2, a detailed overview is presented of the transistor fabrication and the
semiconductors and characterization techniques used throughout this thesis. Additionally,
the gas detection setups constructed for this research are discussed.
Chapter 3 describes a gas sensor based on a self-assembled monolayer field-effect
transistor (SAMFET). A SAMFET based sensor is highly sensitive because the analyte
and the active channel are separated by only one monolayer. The sensor is functionalized
with porphyrin receptors to detect nitric oxide (NO), a biomarker for airway inflammations
such as asthma. Upon exposure to NO, a threshold voltage shift towards positive gate
biases is observed. It is argued that the threshold voltage shift is due to trapping of
charges.
A change of the threshold voltage is observed as well in organic field-effect transistors
with a specific self-assembled monolayer (SAM) on the gate dielectric. The sign of the
threshold voltage depends on the chemical nature of the SAM. In Chapter 4, scanning
Kelvin probe microscopy in combination with exfoliation of the semiconductor is used to
reveal the origin of the threshold voltage shift.
The thesis is continued with the investigation of zinc oxide field-effect transistors as
NO2 sensors. In Chapter 5, a mechanism for NO2 detection involving charge carrier trap-
ping is proposed. It will be shown that upon application of a positive gate bias during NO2
exposure, the threshold voltage shifts towards that gate bias. The dynamics of the shift
under prolonged gate bias are evaluated at room temperature as a function of the NO2
concentration and ZnO layer thickness. The sensor response is also investigated using
other semiconductors to demonstrate the generic nature of the detection mechanism.
A requisite for a real-time sensor is reversibility. When the gate bias is turned off, the
trapped electrons can be thermally released. Chapter 6 presents the dynamics of charge
8
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trapping and recovery as a function of temperature. The extracted activation energy for
recovery points to deep traps around 1.2 eV. The presence of trapped charge carriers and
the trap depth are verified with thermally stimulated current measurements.
The location of the trapped electrons in NO2 sensors based on organic field-effect
transistors is studied in Chapter 7. Surface potential measurements before and after
exfoliation of the semiconductor disclose that the charges are not in the semiconductor
but at the gate dielectric.
In Chapter 8, the obtained insights into the detection mechanism are translated to
an analytical model that predicts the sensors temporal behavior. Based on this phe-
nomenological model, a sensor protocol will be developed for a functional NO2 sensor
that monitors the partial NO2 pressure in real time. The model is experimentally verified
and used to optimize the sensor protocol.
A functional NO2 sensor demonstrator based on a ZnO field-effect transistor is presen-
ted in Chapter 9. The partial NO2 pressure in ambient air is monitored in real-time for
concentrations as low as 40 ppb. The sensor can be fabricated using standard IC tech-
nology, which can easily be miniaturized and used in handheld applications.
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The performance of a field-effect transistor highly depends on the choice of semicon-
ductor. The processing technology to apply the semiconductor and the fabrication of the
transistor substrate also influence the device characteristics. In this chapter, the materi-
als and processing methods used to prepare the transistors that are studied in this thesis
will be described, as well as the main characterization methods. Furthermore, the gas
detection setups constructed for this research will be discussed.
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2.1 Transistor substrate fabrication
This thesis presents a study on gas sensing with field-effect transistors. The transistors
were manufactured using pre-fabricated test substrates. The substrates contain a gate
dielectric and source and drain contacts, the substrate itself acts as the gate electrode.
Standard IC process standardization guarantees reproducible transistor substrates.
The substrates were fabricated on 150-mm silicon wafers acquired from Siltronic AG.
The wafers are 675 µm thick and heavily n-type doped with arsenic implantation. The
SiO2 gate dielectric of typically 200 nm thick was formed by wet oxidation in an H2O
vapor at 1000 ◦C. The gate capacitance depends on the thickness of the dielectric and
its dielectric constant, which is 3.9 for SiO2. Gold source and drain electrodes with a
thickness of 30 nm were sputtered and patterned using conventional photolithography. A
2 nm titanium layer was used as an adhesion layer for the gold on SiO2. The wafer was
diced by sawing to about two third of the wafer thickness. To prevent silicon particles on
the wafer, a protective layer of photoresist was applied. Acetone and subsequently fuming
HNO3 were used to remove the photoresist and to clean the wafer. The SiO2 surface
was passivated by applying the primer hexamethyldisilazane (HMDS) from the gas phase.
This passivation reduces the amount of traps, ensuring a higher mobility and an increased
stability under gate bias stress.1 A photograph of a 150-mm wafer containing multiple
test substrates together with a detailed photograph of a single substrate is depicted in
Figure 2.1.
Figure 2.1: a) Photograph of a 150-mm monitor wafer containing multiple test substrates.
b) Photograph of a single test substrate of 1.3 x 1.7 cm, containing four interdigitated gold
transistor structures, with a channel length and width of 10 and 10,000 µm, respectively.
12
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2.2 Semiconductor properties and processing
In this thesis, a selection of carbon based organic semiconductors and the oxidic semi-
conductor zinc oxide (ZnO) are used. The electrical properties and material processing
will be discussed here.
Organic semiconductors
Organic materials such as polymers (plastics) or small molecules are usually electrical
insulators. In conventional electronics, plastics are therefore applied to prevent short
circuits between electrical components or wires. Plastics consist of high molecular mass
chains of repeating monomer units. They are widely used for inexpensive and disposable
products due to their ease of manufacturing, low cost and versatility.
A special class of organic materials is not insulating but exhibits semiconducting
properties. The conductivity originates from conjugation, i.e. the presence of alternating
single and double bonds. Three out of four electrons in the outer shell of the carbon atom
are located in sp2 hybridized orbitals, that form the σ bonds in the polymer backbone.
The fourth electron in a conjugated system is delocalized on the connected pz orbitals.
The interaction between neighboring pz orbitals is either bonding or antibonding. The
bonding pi orbital is of lower energy and is called the HOMO (highest occupied molecular
orbital) and the anti-bonding pi orbital is called the LUMO (lowest unoccupied molecular
orbital). The HOMO and LUMO levels can be compared to the valence and conduction
bands of inorganic semiconductors. Additional electrons added to the system occupy
states in the LUMO, leading to n-type transport. Electron vacancies in the HOMO, also
called holes, lead to p-type transport.
The charge transport in organic semiconductors is different than in inorganic semi-
conductors. The transport is affected by structural disorder, which limits the conjugation
length and broadens the energy levels. Due to the presence of disordered localized states,
the charge carrier transport occurs via a hopping process. A measure for the speed of
the charge carriers through the semiconductor is the mobility. The mobility is not just
a material parameter but also a device parameter. The exact value is influenced by
for example the gate bias (charge density), trap states on the gate dielectric, chemical
impurities, and the device geometry.2
Semiconducting polymers benefit from the same processing advantages as regular
polymers. Many polymers and small molecules are soluble in organic solvents. Therefore,
established process techniques like spin coating or inkjet printing can be applied. The
ability to process on large areas at low temperatures makes organic semiconductors suit-
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able as active materials in optoelectronic applications such as displays, LEDs and flexible
solar cells. Additionally, the solubility allows for self-assembly of organic molecules.3
The chemical structures of the organic semiconductors used in this thesis are depicted
in Figure 2.2. The corresponding HOMO and LUMO levels are presented in Table 2.1. In
Chapter 3, a monolayer thick semiconductor layer is applied by self-assembly. The mono-
layer consists of T5-silane molecules with a p-type semiconducting quinquethiophene
core and an aliphatic spacer that is attached to the gate dielectric with a monofunctional
anchoring group.4 Transistor substrates with HF activated SiO2 were left for two days
in a solution of chloro[11-(5””-ethyl-5,2’:5’,2”:5”,2”’:5”’,2””-quinquethien-5-yl)undecyl]
dimethylsilane in dry toluene. A nucleophilic substitution reaction with the silanol sur-
face groups attaches the molecules to the SiO2 interface. The SAM forms a close-packed
2D nano-crystal on the SiO2 interface, facilitated by the pi-pi stacking of the conjugated
T5-groups. The resulting self-assembled monolayer field-effect transistor (SAMFET) had






























Figure 2.2: Chemical structures of the organic semiconductors used in this thesis.
A second unipolar p-type semiconducting polymer, polytriarylamine (PTAA), was
applied by spincoating. PTAA is a well-established air-stable semiconductor that exhibits
charge carrier mobilities of 10−3 - 10−2 cm2/Vs. PTAA was obtained from Merck-UK
(batch no. S1124) and is commercially available under the brand name Lisiconr.5
14
2.2. Semiconductor properties and processing
As n-type semiconductors, the small molecule N,N-dialkylsubstituted-(1,7&1,6)-di-
cyanoperylene-3,4:9,10-bis(dicarboximide) derivative (Perylene bisimide, Polyera Activ-
Inktm N1400)6 and the polymer poly(perylene bisimide acrylate) (PPerAcr, Mw 30,900
g/mol, PDI 1.86)7 were applied by spincoating. ActivInktm N1400 is an air-stable semi-
conductor with charge carrier mobilities of 0.01-0.4 cm2/Vs, while the mobility of PPerAcr
is approximately 4 x 10−4 cm2/Vs.
Table 2.1: HOMO and LUMO levels of the semiconductors used in this thesis.
HOMO (eV) LUMO (eV)
T5-silane8 5.0 ∼2.4
PTAA9 5.2 -




ZnO is an attractive material for applications in electronics, photonics and sensing. ZnO
is non toxic, has a high electron mobility and a high optical transparency. Zinc oxide
is a II-VI material with a wide bandgap of ∼3.3 eV. Oxygen vacancies in the hexagonal
crystal structure act as an n-type donor. ZnO layers can be grown with a diverse range
of techniques including sputtering, pulsed-laser deposition, metal-organic chemical vapor
deposition, as well as solution processing methods such as dip coating, spin coating, and
spray pyrolysis.
Here the ZnO layers were applied using spray pyrolysis at a substrate temperature of
400 ◦C in ambient atmosphere. The prefabricated substrates were placed on a hotplate
and an aerosol of a solution of zinc acetate dihydrate [Zn(CH3COO)2·2H2O] (0.1 M,
Sigma Aldrich) in methanol was sprayed onto them using a conventional airbrush, as
reported by, for example, Bashir et al.12 The growth of ZnO from zinc acetate and is
based on the reaction:13
Zn(CH3COO)2 (ads) + H2O (g) −→ ZnO (s) + 2 CH3COOH (g)
The growth rate was approximately 0.5 nm per second. The spray pyrolysis setup is
shown in Figure 2.3.
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Figure 2.3: a) Schematical drawing of the spray pyrolysis setup.12 b) Experimental spray
pyrolysis setup used for deposition of ZnO.
This simple deposition technique yielded high-performance n-channel transistors with
negligible hysteresis and a field-effect mobility of 0.1-2 cm2/Vs. The current modulation
exceeded 6 orders of magnitude and the threshold voltage was 0 V. The layer thickness
was modified by varying the spray time and measured with X-ray fluorescence (XRF). The
film thickness was typically only 10 nm to ensure permeability for NO2. The ZnO layer
was further characterized using X-ray diffraction (XRD) and atomic force microscopy
(AFM). A SEM image is shown in Figure 2.4. The mirror-like ZnO films exhibited a
microcrystalline morphology with a surface rms roughness of 1 nm. XRD measurements
showed that the ZnO films exhibited a (102) textured microstructure.




The fabricated transistors were investigated using numerous characterization techniques.
Here the main characterization methods are presented.
Electrical characterization
The transistors were electrically characterized by measuring the transfer and output curves
with an Agilent 4155B/C semiconductor parameter analyzer. This analyzer was also used
for the charge trapping measurements during NO2 exposure described in Chapter 5 and
7 and the thermally stimulated current measurements in Chapter 6. A Keithley 2602A
System Source Meter controlled by in-house developed Labview programs was used for
charging and recovery measurements in NO2 atmosphere (Chapter 6) and the real-time
NO2 sensor demonstrator (Chapter 8 and 9).
Scanning Kelvin probe microscopy (SKPM)
In Chapter 4 and 7, SKPM is performed to visualize trapped charge carriers. SKPM is
able to map the local surface potential with a resolution down to approximately 100 nm.
SKPM is based on the well-known technique atomic force microscope.14 AFM collects
topological information of a sample surface by scanning it with a mechanical probe. The
probe consists of a cantilever with a sharp tip at the end. The tip is brought in close
proximity of the sample surface. Due to van der Waals-forces between the tip and the
sample the resonance frequency, amplitude and phase of the cantilever are changed.
While scanning the surface, a feedback mechanism is used to adjust the tip-to-sample
distance to maintain a constant force between the tip and the sample. The displacement
needed to keep a constant force provides the topography of the surface.
SKPM15 is performed in lift mode; the tip is raised approximately 25 nm and the
sample is scanned at a constant tip-to-sample distance. An alternating bias with a
frequency ω is applied on the tip. The surface potential is obtained by nullifying the
frequency component of the electrostatic force, Fω, on the tip: Fω = ∂C/∂z [(Vsample −
Vdc)Vac sin(ωt)], in which C is the capacitance between tip and sample, z the distance of
the tip to the sample surface and Vac the amplitude of the applied alternating voltage sig-
nal. When the electrostatic potential applied to the tip, Vdc, is equal to the electrostatic
potential on the surface, Vsample, the electrostatic force is zero. Therefore, the surface
potential between the tip and sample can be deduced directly from the applied potential
on the tip, using Vdc = Vsample. The potential on the surface can result from a difference
in work function between tip and sample, aligned dipoles, charge accumulation or an
17
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applied bias on metals for instance. The combination of charge transport measurements
together with the local surface potential profile provides new insights on charge carrier
trapping in field-effect transistors.
2.4 Gas detection setups
Several gas detection setups were constructed to investigate the sensor response. A large
closed chamber of 20 L was used in Chapter 3 and 5 to detect NO or NO2. The stainless
steel chamber was equipped with feed-throughs for electrical contacts, several gas inlets,
a vacuum pump and a manometer. Inside the chamber, the sample was mounted on a
hot stage and contacted with probes. Cylinders containing 5 ppm NO and 3 ppm NO2
in N2 as a carrier gas and pure N2 (Praxair) were used. The chamber could also be filled
with compressed dry air or ambient air. Photographs of the probe station and the gas
cylinders are shown in Figure 2.5.
Figure 2.5: a) Stationary gas detection setup, equipped with feed-throughs for electrical con-
tacts, several gas inlets, a vacuum pump and a manometer. b) Gas cylinders in the safety
closet.
The gas response of the field-effect transistors in this static system was tested by
admitting small amounts of gas into the closed chamber. The gas pressure was then
used to calculate the partial NO or NO2 concentration at 1 bar. The NO2 concentration
however, dropped with time due to a conversion of NO2 to NO at the stainless steel
surface.16 Therefore this setup could only be used to perform measurements at high
NO2 concentration, above 0.5 ppm, within half an hour.
Reliable measurements at lower NO2 concentrations, as described in Chapter 5, 6 and
8, were performed in a flow cell. The front side of the stainless steel chamber was closed
with the sample holder flange. The sample holder was mounted on a stick connected
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to the flange, placing the transistor in the middle of the flow chamber. The transistor
substrate was placed onto a ceramic plateau fitting around a UHV Substrate Heater
(HeatWave Labs, Inc.). The temperature of the heater, electrically insulated from the
transistor substrate by a thin ceramic sheet, was regulated using a type K thermocouple,
a Eurotherm 2416 controller and a Delta power supply. Four transistors were contacted
simultaneously with nickel plated steel pins that exactly fitted onto the gold source and
drain pads of the test substrate. An air tight electrical connector, power supply connector
for the heater and thermocouple opening were embedded in the flange. A photograph of
the gas detection flow setup and the sample holder is presented in Figure 2.6.
Figure 2.6: a) Photograph of the gas detection flow setup. The cell is closed with the sample
holder flange. The system contains gas cylinders, an air inlet and outlet, mass flow controllers
and a vacuum pump. b) Photograph of the sample holder flange, consisting of a ceramic table
with electrical probes, an electrical connector for contacting, a heater and a thermocouple.
As NO2 source, a cylinder containing 3 ppm NO2 in N2 was used. The concentration
was diluted with pure N2. Two digital mass flow controllers (SEC-Z512X, HORIBA
STEC) were used to produce the desired NO2 concentrations. The diluted gas was
flushed through the chamber at a constant total flow rate of 500 sccm. A stabilized
concentration was reached after 30 minutes flow. The NO2 concentration was calibrated
inline using an Eco Physics CLD 88p NO sensor based on chemiluminescence. A gas
converter (series CG, M&C TechGroup) was used to convert NO2 catalytically to NO at
330 ◦C with a carbon molybdenum mixture.
A portable gas detection setup was constructed for the SKPM measurements de-
scribed in Chapter 7 and the sensor demonstrator described in Chapter 9. The sensor
cell of 0.4 L was fabricated from Teflon and equipped with feed-throughs for electrical
contacts. Teflon is a suitable material at lower temperatures as it is inert to NO2.
16 In
the SKPM experiment, the NO2 was supplied from a 3 ppm cylinder. Additional N2 was
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Figure 2.7: Photograph of the Teflon sensor cell in demonstrator mode containing a ZnO field-
effect transistor mounted on a heater. The lid of the flow cell was covered with an orange foil
filtering UV light.
used to further dilute the mixture. The concentration was regulated using two mass flow
controllers. The transistor substrate was placed on a polycarbonate plate with electrical
probes, constructed to fit under the SKPM. A Teflon lid was used. The sensor demon-
strator was fabricated with a sample heater and a transparent polycarbonate lid, covered
with an orange foil filtering UV light. A photograph is presented in Figure 2.7.
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Gas sensing with self-assembled monolayer
field-effect transistors
A new sensitive gas sensor based on a self-assembled monolayer field-effect transistor
(SAMFET) was used to detect the biomarker nitric oxide (NO). A SAMFET based sensor
is highly sensitive because the analyte and the active channel are separated by only one
monolayer. SAMFETs were functionalized for direct NO detection using iron porphyrin
as a specific receptor. Upon exposure to NO, a threshold voltage shift towards positive
gate biases was observed. The sensor response was examined as a function of NO con-
centration. High sensitivity has been demonstrated by detection of ppb concentrations
of NO.
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3.1 Introduction
Human noses can perceive hundreds of thousands of different odor molecules.1 The ol-
factory system consists of an array of receptors, each of which detects a limited number
of substances. This complex system warns us about dangers such as fire, air pollutants
or spoiled food. In the past decades electronic noses have been developed that mimic
the human olfactory system.2 An electronic nose comprises a gas sampling unit and an
array of chemical sensors. Various transducers can be used like carbon black or con-
ducting polymer based chemiresistors, metal oxide semiconductor field-effect transistors,
and surface or bulk acoustic wave resonators.3 The sensors themselves are not selective;
a fingerprint of the smell is obtained and a neural network is incorporated for pattern
recognition.
An emerging application is the detection of the biomarker nitric oxide (NO). NO plays
an important role in biological functions by acting as a neurotransmitter and by regulating
the relaxation of blood vessels.4 Furthermore NO is a marker for airway inflammations
such as asthma.5 Measurement of the NO concentration in exhaled breath is applied to
diagnose and monitor the inflammation and the obtained information is used as a tool
to manage the asthma treatment. NO detection is based on electrochemical, optical or
electrical techniques.6,7 Typically, NO is detected indirectly since NO is first converted
into NO2 by e.g. CrO3 or ozone.
8 Although NO sensors are commercially available,9












Figure 3.1: Schematic representation of the operation principle of a SAMFET sensor. In the
transistor, a conducting channel is formed at the semiconductor gate dielectric interface. On
the left side, analyte molecules are absorbed on top of a thick semiconductor layer. The current
modulation is limited by the thickness of the semiconductor. The electrostatic interactions are
stronger when the distance between the analyte and the channel is decreased. Hence a monolayer
thick semiconductor (right) yields the ultimate sensing performance.
Here, a new sensitive gas sensor based on self-assembled monolayer field-effect tran-
sistors (SAMFET) is introduced. The proof-of-principle is demonstrated by direct detec-
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tion of NO. The operation principle is elucidated in Figure 3.1. The left side shows a
standard organic field-effect transistor. Upon applying a bias to the gate, charge carriers
are accumulated at the gate dielectric-semiconductor interface. A conducting channel is
formed with a thickness of approximately 1 - 2 nm.12 Analyte molecules absorbed on top
of the semiconductor can modulate the charge transport in the channel by electrostatic
interactions. However, it has been demonstrated by Huang et al.13 that the sensitivity
of such a sensor is dependent on the thickness of the active layer. The response of
organic transistors to nerve agent simulants increased dramatically with decreasing layer
thickness, due to the strong distance dependence of the electrostatic interactions. Torsi
et al.14 have reported chiral sensors and argue that the sensing is restricted to the con-
ducting channel. Then the sensitivity did not increase with decreasing layer thickness,
but this could be due to the granular nature of the semiconducting films. Finally, sens-
itivity enhancement of up to an order of magnitude has been reported in transistors by
using ultra thin semiconducting films.15 Hence a semiconductor of only one monolayer
thickness should yield the most sensitive gas sensor, as shown in Figure 3.1 on the right.

















Fe Cl  
 
VD = -20 V








Figure 3.2: Transfer characteristics of a typical SAMFET in vacuum with a 1 µm SiO2 gate
dielectric in the linear and saturated regime. The device exhibited p-type behavior with a pinch
off voltage around 0 V. The inset shows a schematic cross-section of the SAMFET sensor. The
chemical structures of the SAM molecule (left) and the NO receptor Fe(TPP)Cl (above) are
shown.
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3.2 Preparation of self-assembled monolayer field-effect transistor
A SAMFET has recently been reported by Smits et al.16 The monolayer consists of
molecules with a semiconducting quinquethiophene core and an aliphatic spacer that is
attached to the gate dielectric with a monofunctional anchoring group. The chemical
structure of chloro[11-(5””-ethyl-5,2’:5’,2”:5”,2”’:5”’,2””-quinquethien-5-yl)undecyl] di-
methylsilane is shown in the inset of Figure 3.2. The SAMFETs were manufactured on
prefabricated transistor substrates (fabrication is described in Chapter 2), with a 1000 nm
thermally oxidized SiO2 layer as gate dielectric. Ring transistors with a channel length
of 10 µm and a width of 2500 µm were used. Semiconducting monolayers were self-
assembled from a toluene solution on a HF activated SiO2 dielectric. The SAMFETs
were annealed in vacuum at 110 ◦C for one hour to remove residual water and solvents.
Electrical measurements were performed under vacuum. Possible gate bias stress ef-
fects in the electrical measurements were prevented by using a short integration time of
less than 1 ms per step. Typical transfer curves in the linear and saturated regime are
presented in Figure 3.2. The mobility is about 0.01 cm2/Vs and the current modulation
6 decades, in good agreement with previous reports.
3.3 Nitric oxide detection
The response of the SAMFETs was measured by admitting small amounts of NO, diluted
in nitrogen carrier gas, to the closed chamber. The gas pressure in this static system was
used to calculate the partial NO concentration at 1 bar. The response of the SAMFET
itself to NO is indistinguishable from random drift of the threshold voltage. To make the
SAMFET specific for NO, a porphyrin receptor was used. Porphyrins are known to bind
NO in e.g. biological systems.17 Here iron(III) tetraphenylporphyrin chloride (Fe(TPP)Cl,
Sigma Aldrich) was applied, that was previously used to detect NO in solution with a
molecular controlled semiconductor resistor.18 In the ideal case this receptor is grafted on,
or incorporated into, the monolayer. Here, to demonstrate the concept, a thin spin coated
film was used. The porphyrin receptor was dissolved in toluene, 1.6 mg/ml, and thin
layers were spin coated at 800 rpm. The films are only 10 nm thick and contain a lot of
pinholes. Therefore the diffusion of the nitric oxide is not limiting the detection rate. The
addition of porphyrin on the SAMFET had no significant influence on the performance of
the SAMFET. The chemical structure and the device lay-out are schematically depicted
in the inset of Figure 3.2.
The transfer curve of the SAMFET with the porphyrin shifts upon exposure to NO.
The field-effect mobility remains unaffected; the only effect is a change in the threshold
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voltage towards positive gate bias. This clearly points to an increase of fixed negative
interface charges upon exposure to NO. However, the reaction is not instantaneous, the
threshold voltage shifts with time. A typical example is presented in Figure 3.3. The
threshold voltage shift takes about half an hour to saturate. A possible reason might be
the slow supply of negatively charged minority carriers needed to convert NO into NO−x .
The dynamics of charge carrier trapping will be extensively studied in Chapter 5 and 6.
In order to arrive at a dose response curve, the transfer curves were measured 30 minutes
after NO exposure. To exclude any influence of competing charging effects, the threshold
voltage of the SAMFET was monitored in the absence of NO. This measurement did not
reveal a change of threshold voltage in time. The response to NO of the SAMFET
without porphyrin was also investigated. These reference measurements are shown in
Figure 3.3. Only the combination of the SAMFET and the receptor in NO atmosphere
yields a shift in threshold voltage.




















Figure 3.3: The response of the SAMFET sensor as a function of time for a fixed NO concen-
tration (2.7 ppm). The threshold voltage shifts towards more positive voltages and saturates
after approximately 30 minutes. Reference measurements of the SAMFET without the porphyrin
in NO (2.7 ppm) and the SAMFET with porphyrin in absence of NO are included. Only the
combination of the SAMFET and the receptor in NO shows a threshold voltage shift that stands
out over random drift.
Many sensors were made and their response to NO was investigated. Figure 3.3
discussed above showed a typical measurement for 2.7 ppm NO. Concentrations in the
ppm regime can reproducibly be detected. In exceptional cases however, a much higher
sensitivity has been measured. An example is presented in Figure 3.4 where the transfer
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curves measured in the linear regime are presented on a linear scale as a function of the
NO concentration. The transfer curve systematically shifts to positive gate biases with
increasing NO content. The relative threshold voltage shift was determined by taking the
gate biases yielding a fixed source drain current of 60 nA, as indicated by the arrow in
Figure 3.4. The shifts are used to construct a dose response curve. The inset shows the
threshold voltage shift as a function of the NO concentration. The dose response curve
shows that with the SAMFET sensor ppb concentrations of NO can be detected. The
achieved sensitivity compares favorably with an earlier reported detection limit of an NO
sensor based on a field-effect transistor.19































Figure 3.4: Linear plot of the transfer characteristics of the SAMFET sensor. The measurements
performed in vacuum and nitrogen were identical. The transfer curve measured 30 minutes after
exposure is shifted towards positive values for increasing NO concentrations. The inset shows
the corresponding threshold voltage shift as a function of NO concentration. The detection limit
is as low as sub 100 ppb NO.
The magnitude of the shift and the functional dependence such as the apparent sat-
uration at high NO content are not yet quantitatively understood. Various operation
mechanisms have been reported. For instance Fe(TPP)Cl has been attached to func-
tionalized GaAs surfaces.18 The current was measured upon exposure to NO in aqueous
buffer solution. The current did increase with NO content. The change in current was
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explained as originating from a change in dipole moment of the Fe(TPP)Cl complex.
However a large threshold voltage shift in a field-effect transistor cannot be explained
with only a change in surface dipole moment.20 A different reaction mechanism was
proposed by Lin and Farmer.21 In solution NO forms a complex with Fe(TPP), NO-
Fe(TPP). Catalytic reaction of this nitrosyl-complex with free NO then yields amongst
others NO2 which is known to cause a shift in threshold voltage
22 presumably by forma-
tion of negative surface charges. Recently, ZnO chemiresistors have been functionalized
with a comparable iron(III)porphyrin, viz. ferriprotoporphyrin IX chloride.23 NO could
be detected down to the ppm range. The operation is reported to be due to electron
transfer from ZnO to the receptor. In summary, iron porphyrins could selectively react
towards NO, but the microscopic mechanism is unknown.
The selectivity of the SAMFET sensor versus other vapors was investigated. Prelim-
inary experiments show that the sensor is not sensitive to a variety of gases. No threshold
voltage shift was observed for non-oxidizing agents as toluene (8 ppm), methanol (%) and
ammonia (2 ppm). Even for oxidizing agents as O2 and SO2 the threshold voltage shift
is negligible showing the selectivity of the porphyrin towards these gases. Reversibility of
the sensor after NO detection was also examined. Full recovery of the sensor is achieved
by annealing under vacuum condition at 110 ◦C for 1 hour. Under those conditions
the threshold voltage returns to its pristine value. The threshold voltage shift upon NO
exposure is due to the formation of NO−x . The reversibility at elevated temperature is
explained by detrapping of the electrons. The equilibrium shifts then to neutral nitrogen
oxides that subsequently desorb from the surface. A major problem still to be resolved
is that a significant spread in the NO response was found for the numerous investigated
SAMFET sensors. The differences can be due to imperfections in the monolayer, vari-
ations in the porphyrin converter deposition, or parasitic reactions with residual water.
The latter becomes more important at lower NO content.
3.4 Conclusions
The response of a field-effect sensor is dominated by the electrostatic interactions between
the analyte and the conducting channel. In a self-assembled monolayer field-effect tran-
sistor the semiconductor is only one molecule thick, making it highly suited for sensing
applications. SAMFET sensors were fabricated using iron porphyrin as a specific receptor
for the biomarker NO. The transfer curve systematically shifts to positive gate biases with
increasing NO content. Dose response curves were obtained by plotting the threshold
voltage shift as a function of NO concentration. High sensitivity was demonstrated by
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Chapter 4
Charge trapping by self-assembled monolayers
as the origin of the threshold voltage shift
in organic field-effect transistors
Crucial for any application of organic transistors is control of the threshold voltage. The
value has been tuned by applying a self-assembled monolayer (SAM) on the gate dielec-
tric. The microscopic origin however is under debate. In this chapter, the semiconductor
is delaminated after electrical characterization. The surface potentials of the revealed
SAM perfectly agree with the threshold voltages. This demonstrates that the shift is not
due to the dipolar contribution of the SAM molecules but due to charge trapping at the
SAM.
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4.1 Introduction
Application of organic thin film transistors is envisioned in pixel engines, in active matrix
displays and in integrated circuits for contactless radio-frequency identification transpon-
ders.1–3 A key device parameter of a transistor is the threshold voltage, Vth. This voltage
should be set at a given value and, furthermore, be identical for all devices in a circuit.
Any deviation yields a reduced gain of logic gates, a decreased noise margin of integrated
circuits or an inhomogeneously emitting display.4,5 For standard silicon transistors, the
threshold voltage can be accurately set by the amount of doping applied by ion implant-
ation.6,7 In organic transistors, however, local doping of individual transistors is not an
option. To get around this constraint and to externally set Vth, several options have been
published, such as the incorporation of level shifters in integrated circuits,2 the use of
a gate metal with a specific work function,8,9 or the use of dual-gate transistors.10 As
an alternative method, the application of a self-assembled monolayer (SAM) at the gate
dielectric interface has been reported.11–15 The threshold voltage can be set by varying
the chemical composition of the SAM. The change in Vth has tentatively been explained
as being due to the dipole moment of the composing molecules. Device simulations, how-
ever, have indicated that the dipolar contribution is too small.16 Alternatively, trapped
interface charges have been suggested. The mechanism is under debate; as mentioned in
a recent publication direct experimental evidence to accurately explain the voltage shifts
is still lacking.15
Here, organic field-effect transistors with various self-assembled monolayers on the
gate dielectric were fabricated. The value of the threshold voltage varied over tens of
volts, depending on the chemical nature of the SAM. To elucidate the origin of the
significant differences, the semiconductor was peeled off, and the surface potential of
the SAM-modified gate dielectric was measured by scanning Kelvin probe microscopy
(SKPM).17,18 In this chapter, it is unambiguously shown that the origin of the threshold
voltage shifts is charge trapping induced by the SAM. The temporal behavior of the
surface potential after removing the semiconductor is discussed.
4.2 Fabrication of transistors with SAM-modified gate dielectric
Transistor test devices were fabricated as described in Chapter 2. The test devices were
treated for 10 minutes with UV-ozone to remove all organic compounds.Three types of
organosilane molecules with ethoxy end groups were used, viz. (CF3)(CF2)7(CH2)2Si-
(OC2H5)3, (CH3)(CH2)9Si(OC2H5)3, and (NH2)(CH2)3Si(OC2H5)3. The corresponding
SAMs will be referred to as F-, CH3- and NH2-SAM, respectively. The chemical structures
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are presented as insets in Figure 4.1. The SAMs were grown by vapor deposition at 120 ◦C
for the NH2-SAM and 150
◦C for the F-SAM and the CH3-SAM. The treated test devices
were rinsed with iso-propanol to remove non-covalently bound molecules.
The microstructure of the SAMs was investigated with X-ray reflectivity, contact
angle, and atomic force microscopy (AFM) measurements. Figure 4.1 shows the reflected
X-ray intensity as a function of incidence angle. The black curves are a fit to the data,
based on the recursive algorithm of Parratt and the roughness model of Nevot and Croce.
The resulting measured and the calculated values of the SAM thickness are presented
in Table 4.1. The values agree with the calculated lengths of the molecules. Only
in case of the NH2-SAM the numbers deviate, which could be due to formation of a
double layer. The hydrophobicity of the SAMs was investigated by water contact angle
measurements using the Contact Angle System OCA 30. The static contact angles
presented in Table 4.1 correspond to literature values.11,19,20 The morphology of the
SAMs was investigated with AFM. A typical topographical image is presented in the
inset of Figure 4.1. The monolayer is homogeneous without microscopic defects.
Table 4.1: Thickness of the SAMs derived from X-ray reflectivity measurements and calculated
length of the molecules. Static contact angles of the SAMs before and after exfoliation of the
PTAA semiconductor are presented.
F-SAM CH3-SAM NH2-SAM
SAM thickness (nm) 1.3 1.1 0.88
SAM thickness calculated (nm) 1.2 1.2 0.36
Water contact angle (◦) 108 91 67
Water contact angle after exfoliation (◦) 105 90 64
Polytriarylamine (PTAA) was used as a p-type amorphous semiconductor. The chem-
ical structure is presented as inset in Figure 4.3. Saturated transfer curves of the polytri-
arylamine transistors with three different SAMs are presented in Figure 4.2a. The major
difference between the transistors is the value of the threshold voltage, here approxim-
ated by the pinch-off voltage. The offset between the pinch-off voltage and the threshold
voltage can be disregarded for the discussion. The threshold voltage of transistors with
a CH3-SAM is around 0 V; with a NH2-SAM the threshold voltage is negative, and with
a F-SAM the threshold voltage is positive. For the example of Figure 4.2a, the numbers
are about 0, -16, and +20 V, respectively, in agreement with threshold voltages reported
for corresponding pentacene transistors.11
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Figure 4.1: X-ray reflection as a function of the diffracted angle for the SAMs. The solid
black lines are fits to the experimental data. Inset: Chemical structures of the SAM molecules:
NH2-SAM, CH3-SAM, F-SAM (from left to right). AFM topography image of 20 µm × 20 µm
of NH2-SAM (right).
4.3 Delamination of the semiconductor
The change in threshold voltage can be the result of the following mechanisms: the
macroscopic dipole moment of the SAM, charge trapping at the gate dielectric semi-
conductor interface, or doping of the semiconductor. To disentangle the mechanisms,
the local potential is probed with SKPM. The bulk semiconductor however electrically
shields the buried SAM, which prevents the SAM from being probed directly; therefore
the semiconductor has to be removed. With a piece of adhesive tape, the PTAA semi-
conductor layer is completely removed as a continuous film from the gate dielectric. After
peeling off the polymer, the source-drain current is zero. The exfoliation is facilitated
by the SAM, which lowers the interfacial energy. The complete removal is supported by
X-ray photoelectron spectroscopy (XPS) measurements, a well-established technique to
identify the chemical composition of the top-most surface layers. Nitrogen is a marker
for the presence of the semiconductor PTAA. Figure 4.3 presents the N 1s peak with a
binding energy around 399 eV before and after exfoliation of the PTAA. For the F-SAM
and the CH3-SAM, the signal has completely disappeared as checked on various spots on
the surface, indicating the complete removal of PTAA. For the NH2-SAM, XPS is not an
appropriate technique because nitrogen is present in both the polymer and monolayer.
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Figure 4.2: a) Saturated transfer characteristics of field-effect transistors modified with an F-
SAM, a CH3-SAM, and an NH2-SAM on the gate dielectric. The channel length and width are
10 and 10 000 µm, respectively, and the source-drain bias is -30 V. At the top the transistor
layout is depicted schematically. b) Local surface potentials of the SAMs after peeling off the
PTAA semiconductor for the F-SAM, CH3-SAM, and NH2-SAM. The transistor layout after
delamination is schematically presented at the top. During SKPM measurements all electrodes
are grounded.
Contact angle measurements on the SAM confirm that the SAM itself is not affected
by exfoliation. Table 4.1 shows that the static contact angles after peeling off the semi-
conductor resemble the contact angles of the freshly prepared SAMs. A photograph of
the CH3-SAM contact angle measurement after exfoliation is presented as an inset in
Figure 4.3.
4.4 Linking the threshold voltage shift to trapped charges
To prove that the shift in threshold voltage is due to trapping of charges, the surface po-
tential of the area between the source and drain was measured as quickly as possible after
measuring the transfer curve (Figure 4.2a) and peeling off the PTAA layer. During the
SKPM measurement, all electrodes were grounded. The potential profiles were scanned
in ambient atmosphere in non-contact lift mode 20 nm above the surface. The local sur-
face potentials are presented in Figure 4.2b. The offset at the source and drain contacts
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Figure 4.3: X-ray photoelectron spectra before and after peeling off the PTAA semiconductor.
The black line shows the PTAA N 1s peak before peeling off. The light and dark grey lines are
measured after peeling off the PTAA semiconductor from the CH3-SAM and F-SAM, respectively.
The insets show the chemical structure of the PTAA semiconductor and a picture of a water
droplet on the pristine CH3-SAM.
is due to the capacitive coupling between the AFM cantilever and the transistor channel
region. The surface potential in the channel region depends on the type of SAM. For the
CH3-SAM the surface potential is zero. In the case of the F-SAM, a negative surface
potential of -18 V is observed while the NH2-SAM shows a positive surface potential of
+14 V.
The surface potentials have been measured as fast as possible after peeling off because
their amplitude decreases with time. As an example the temporal behavior of the surface
potential of the F-SAM is presented in Figure 4.4a. The value of the maximum potential is
plotted as a function of time in Figure 4.4b. The potential decreases about exponentially
with time. The time constant depends on the relative humidity of the air. At 60 %
relative humidity, the decay constant is a factor of five smaller than in dry air. The
temporal behavior is not well understood. The trapped charges in the channel region
become compensated, which might be caused by surface conduction through absorbed
water.21
The threshold voltage of a field-effect transistor is equal to the flat band voltage,
VFB, corrected for fixed oxide charges, Qf, trapped interface charges, Qi,
22 and the
dipolar contribution due to SAM, VSAM:
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Figure 4.4: a) Surface potential profiles measured with SKPM on the F-SAM after peeling off
the PTAA semiconductor. The potentials decrease with time. The time interval between the
measurements amounted to 6 minutes. The relative humidity was 60 %. b) Maximum local
surface potentials as a function of time. The grey and black points were measured in a relative
humidity of 30 % and 60 %, respectively. The solid lines are an exponential fit to the data.
Vth = VFB + VSAM − Qf + Qi
Cox
(4.1)
where Cox is the dielectric capacitance. Flat band voltages are typically on the order of





where µzSAM is the net vertical component of the molecular dipole moment, A is the lateral
area per molecule, r is the relative permittivity of the molecule and 0 is the vacuum
permittivity.23 The values of the observed threshold voltages are too big to be a result
of the dipole moment of the SAM. Reported device simulations calculate a small dipolar
contribution of less than 1 V for molecules with comparable dipole moments.16 SKPM
measurements on the bare SAMs before applying the PTAA semiconductor confirm the
small dipolar potential; the differences in surface potential between SiO2 surfaces covered
with different SAMs are at most 1 V. Also, the observed variations in threshold voltage
can not be due to fixed oxide charges. All SAMs bind in the same manner to the SiO2
surface. Fixed oxide charges are highly unlikely, since the transfer curve of the CH3-
SAM exhibits a threshold voltage around 0 V. Hence the changes in threshold voltage
of the NH2-SAM and F-SAM are due to trapped interface charges. This assignment is
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confirmed by the SKPM measurements. The contributions to the surface potential of
the dipole moment of the molecules, the flat band voltage, and the fixed charges can be
neglected with respect to the contribution of the interface charges. Therefore the surface
potential when using grounded electrodes is given by VSKPM ≈ Qi/Cox; i.e. it is largely
dominated by trapped interface charges.
In dry air the maximum surface potential of the stripped device extrapolated back to
time zero perfectly matches with the corresponding threshold voltages (Figure 4.4b). In
humid air the changes are too fast to reliably estimate the extrapolated starting potential.
The agreement between extrapolated potential and threshold voltage unambiguously
shows that the threshold voltage shift originates from trapped charges by the SAM.
The CH3-SAM is inactive while the NH2-SAM traps positive charges and the F-SAM
traps negative charges. The presence of the negative charges could be due to surface
conduction of the SiO2,
21 but it is not completely clear yet.
4.5 Exfoliation process
It is well known that exfoliation of two insulating materials can yield static charges by
contact electrification or tribo-charging. A review on space-charge electrets that exhibit a
net macroscopic electrostatic charge has been presented in the literature.24 The classical
example is the charging of adhesive tape by unrolling. Peeling off ordinary sticky tape
in vacuum can even yield individual X-ray pulses, typically a few nanoseconds long, of
up to 15 kV.25 However, the potentials measured here are not generated by the peeling
process.
Firstly, the one-to-one correspondence between the threshold voltage shifts due to
application of SAMs on the gate dielectric with the surface potentials as measured by
SKPM would be a rare coincidence. The measured surface potentials are highly repro-
ducible. That is not expected when the charges are generated by peeling off. Then a
large spread in the amount of static charges is expected. Secondly, in separate series of
experiments, the surface potentials were measured with KPM before and after peeling off
adhesive tape from a variety of substrates. Unrolling tape itself yields potentials higher
than experimentally could be measured. Peeling off tape from a bare metal substrate
does not lead to any static charges, as expected. Repetitive experiments on bare back-
gated SiO2 transistor substrates showed potential differences before and after exfoliation
of at most 0.5 V. The measurements agree with literature data. Surface potentials of
only 0.95 V were measured after peeling off Alq3 with adhesive tape.
26 Thirdly, the
exact same exfoliation procedure has been used previously to locate trapped charges in
PTAA field-effect transistors generated upon prolonged application of the gate bias.18
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After stressing the threshold voltage was measured. Subsequently the semiconductor
was peeled off with adhesive tape, and the surface potential of the revealed interface was
measured using SKPM. A one-to-one correlation of the threshold voltage shift with the
measured surface potential was found, ruling out that the static charges are generated
in the peeling process. Finally, depending on the nature of the SAM the transistor is
either normally-on or normally-off, meaning that at 0 V bias, the semiconductor is either
conducting or insulating. In a normally-on transistor, exfoliation cannot generate stable
static charges, and therefore, the experimental procedure cannot be the cause of the
negative threshold voltage shift. In short, generation of static charges by the exfoliation
process can be disregarded. The measured threshold voltage shifts are due to charges
trapped by the SAM.
4.6 Conclusions
In this chapter, organic field-effect transistors with different self-assembled monolayers
on the gate dielectric were fabricated. The threshold voltage depends on the type of
SAM. In agreement with literature data, the threshold voltage of CH3-SAM was about
0 V, while the values for F-SAM and NH2-SAM were at +20 and -16 V, respectively.
To elucidate the origin of the large differences, the semiconductor was peeled off after
electrical characterization, and the surface potential of the SAM modified gate dielectric
was measured by SKPM. The surface potentials agree with the corresponding threshold
voltage, which unambiguously shows that the surface potential shift is due to the charge
trapping by the SAM.
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Chapter 5
Gate-bias controlled charge trapping
as a mechanism for NO2 detection
with field-effect transistors
Detection of nitrogen dioxide, NO2, is required to monitor the air-quality for human
health and safety. Commercial sensors are typically chemiresistors, however field-effect
transistors are being investigated. Although numerous investigations have been reported,
the NO2 sensing mechanism is not clear. In this chapter, the detection mechanism is in-
vestigated using ZnO field-effect transistors. The current gradually decreases upon NO2
exposure and application of a positive gate bias. The current decrease originates from the
trapping of electrons, yielding a shift of the threshold voltage towards the applied gate
bias. The shift is observed for extremely low NO2 concentrations down to 10 ppb and
can phenomenologically be described by a stretched-exponential time relaxation. NO2
detection has been demonstrated with n-type, p-type, and ambipolar semiconductors. In
all cases, the threshold voltage shifts due to gate bias induced electron trapping. The
description of the NO2 detection with field-effect transistors is generic for all semicon-
ductors and can be used to improve future NO2 sensors.
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5.1 Introduction
NO2 is one of the most dangerous air pollutants affecting human health and the envir-
onment. The gas is released during the combustion of fossil fuels and plays a major role
in the formation of ozone and acid rain. The control and improvement of the air quality
is of great importance to modern society. The U.S. Environmental Control Agency has
set the air-quality standard at a level of 53 ppb NO2. The need for sensitive sensors
for air-quality monitoring has led to extensive research in the field. Many sensors are
commercially available, ranging from electrochemical to optical sensors.
The most common NO2 sensors are chemiresistors based on semiconducting metal
oxides such as tin oxide (SnO2), tungsten oxide (WO3), or zinc oxide (ZnO).
1–3 Porous
oxide layers with high specific surface areas are used. The gas diffuses into the oxide
and modulates the grain boundary resistances by the transfer of charge carriers from the
semiconductor to the adsorbed surface species. Nowadays, many companies offer metal-
oxide-based gas sensors. The lack of selectivity can be addressed by combining a number
of sensors in an array. The sensors are selected for a specific application, such as bacteria
growth4 or car seat foams.5 Challenges are reduction of the power consumption due to
the high operating temperature and improvement of the sensitivity, which is typically
about 1 ppm. To this end, other semiconductors, such as phthalocyanines6–8 and carbon
nanotubes films,9 are being investigated in two terminal devices.
Field-effect transistors (FETs) have emerged as an alternative sensing technology. In
1975, a hydrogen sensor based on a Pd-gate FET was demonstrated.10 In recent years,
a wide variety of semiconductors has been used in transistors to detect a wide range
of gases. Examples are carbon nanotubes11 or organic12–18 and oxidic19 semiconduct-
ors. The key advantage of a transistor over a resistor is the reported amplified sensor
response due to current modulation by the extra gate electrode.13 The sensitivity can
be enhanced by operating the sensor in the subthreshold regime. Apart from the cur-
rent modulation, changes in other transistor parameters, such as mobility and threshold
voltage, can be used for sensing. The idea of exploiting FETs as multiparameter gas
sensors was suggested by Torsi et al.20
A wide variety of semiconductors has been investigated in transistors for NO2 detec-
tion. A range of sensing layers, such as amorphous organic semiconductors,21,22 porous
silicon,23 silicon nanowires,24 carbon nanotubes,25–33 and metal oxide nanowires,34 were
used. In all cases changes in current upon NO2 exposure have been demonstrated. In
addition, a high sensitivity down to 10 ppb NO2 has been reported. The detection mech-
anism however is not clear and several possible sensing mechanism have been suggested.
The adsorbed NO2 is a strong electron acceptor that can influence the charge carrier
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density in the channel. The change in current can then be explained by doping of the
semiconductor by the oxidizing NO2
17,21,22 or by depleting the electrons from the conduc-
tion channel.31,34 For carbon nanotubes sensors Zhang et al.32 postulated that the NO2
molecules change the metal workfunction, leading to a change in the Schottky barrier
height at the carbon nanotubemetal interface. Finally, Kong et al.33 proposed molecular
gating of the nanotubes by the polar NO2 molecules as the sensing mechanism.
In this chapter, the NO2 detection mechanism is elucidated using transistors with ZnO
as a model semiconductor. ZnO was selected because it has been widely investigated
in resistive sensors.35–37 The sensor response was also investigated using other semi-
conductors to demonstrate the generic nature of the detection mechanism. The charge
transport upon NO2 exposure was measured. The current decreased with time, but only
in combination with a positive gate bias. The decrease is due to charge trapping mediated
by NO2, yielding a shift in the threshold voltage. It is shown that for any positive gate
bias, the threshold voltage shifts towards that applied gate bias. The dynamics of the
shift under prolonged gate bias are evaluated at room temperature as a function of the
NO2 concentration and ZnO layer thickness. The kinetics of the threshold voltage shift
can phenomenologically be described by a stretched-exponential time dependence. The
functional dependence on the ZnO layer thickness and NO2 concentration is discussed
and a generic interpretation based on charge trapping is presented.
5.2 ZnO transistor fabrication and characterization
Field-effect transistors test substrates were fabricated as described in Chapter 2. Finger
transistors were used with a channel length and width of 10 and 10,000 µm, respectively.
The ZnO layer was applied using spray pyrolysis in ambient atmosphere. A solution of
0.1 M zinc acetate Sigma Aldrich, 99.99 %) in methanol was nebulized on the prefabric-
ated transistor substrates heated at 400 ◦C, as reported by, for example, Bashir et al.38
The n-type ZnO transistors showed negligible hysteresis and a field-effect mobility of 0.1-
2 cm2/Vs. The current modulation exceeded 6 orders of magnitude and the threshold
voltage was 0 V. The layer thickness was varied by varying the spray time and meas-
ured by X-ray fluorescence (XRF). The film thickness was typically only 10 nm to ensure
permeability for NO2. The ZnO layer was further characterized using X-ray diffraction
(XRD) and atomic force microscopy (AFM). The mirror-like ZnO films exhibited a micro-
crystalline morphology with a surface roughness of 1 nm (root mean square (rms)). XRD
measurements showed that the ZnO films exhibited a (102) textured microstructure.
The sensor response in NO2 atmosphere was tested in a stationary and a flow system
as described in Chapter 2. Cylinders containing 3 ppm NO2 in N2 as a carrier gas
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and pure N2 were supplied by Praxair. The NO2 concentration was calibrated in both
setups using an Eco Physics CLD 88p NO sensor based on chemiluminescence. A gas
converter (series CG, M&C TechGroup) was used to convert NO2 catalytically to NO
at 330 ◦C with a carbon molybdenum mixture. In the closed static gas system, the
NO2 concentration dropped with time due to a surface reaction with the interior of the
closed chamber. Therefore this setup could only be used to perform measurements at
high NO2 concentration, above 0.5 ppm, within half an hour. Reliable measurements at
lower NO2 concentrations, in the range of 0-1200 ppb, were performed in a dynamic flow
cell. Two mass flow controllers were used to produce the desired NO2 concentrations.
The gases were flushed through the chamber at a constant total flow rate of 500 sccm.
Electrical measurements were performed in a stabilized concentration that is reached
after 30 minutes flow.
All electrical characterization was done at 40 ◦C. Prior to use, the ZnO transistors
were annealed in vacuum or air at 150 ◦C in order to make the pinch-off voltage 0 V.
As the pinch-off voltage, the gate bias was taken at which the source drain current was
1 nA. The semiconductor parameter analyser was programmed to perform a complete
measurement in less than one second. The state of the transistor was determined to be
practically unaffected by the measurement. Because the transistors were stable when no
bias was applied, the NO2 concentration could be stabilized before starting the electrical
measurements.
5.3 Chemiresistors versus transistors
In a metal-oxide-based gas sensor, the resistance is monitored as a function of the concen-
tration of the target gas. The operation mechanism is well established.1,2,39,40 Conven-
tional metal oxide sensors are operated in air, at temperatures between 200 and 400 ◦C.
The partial oxygen pressure is fixed and therefore the amount of oxygen absorbed on the
metal oxide grains is constant. At the temperature used, the oxygen thermally dissociates.
Due to the large electronegativity of oxygen atoms, charge transfer occurs. Electrons are
removed from the metal oxide semiconductor, the free charge carrier concentration is
reduced, and a depletion layer is formed. The resistance in air is therefore larger than in
vacuum. Exposure to, for instance, a reducing gas leads to the removal of the oxygen
atoms, thereby reinjecting electrons into the conduction band. Both the thickness of
the depletion layer and the resistance decrease. The sensitivity of the sensor depends
on the size of the depletion layer relative to the thickness of the bulk semiconductor.
Commercial sensors therefore typically consist of thick porous films. Schottky contacts
at the grain boundaries then dominate the electrical transport.
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Commercial metal oxide sensors are two terminal chemiresistors. The change in
resistance is due to a change in the charge carrier density. A field-effect transistor,
discussed in Chapter 1, is a three terminal device in which an additional gate electrode
modulates the charge carrier density in the semiconductor. Here, the influence of the
gate field on the sensitivity is investigated.
In a transistor, the resistivity of the semiconductor, and hence the current through the
semiconductor, can be varied over orders of magnitude. A typical transfer curve of a ZnO
transistor, where the current is measured as a function of gate bias at a constant drain
bias, is presented in Figure 5.1. ZnO is an intrinsic undoped n-type semiconductor. At
zero gate bias there are no charges accumulated and the current is negligible. At positive
gate bias electrons are accumulated in the channel and at negative gate bias all electrons
in ZnO are depleted. Hence, as schematically depicted in the insets of Figure 5.1, the
current switches from the off-state in depletion to the on-state in accumulation. The
transistor is measured in the linear regime, where the drain bias is much smaller than the
gate bias. Figure 5.1 shows that the current starts to flow around zero gate bias. This
onset is the pinch-off voltage, which is assumed to be equal to the threshold voltage.
Figure 5.1: Typical transfer curve of a ZnO field-effect transistor measured with a drain bias of
2 V. In the insets, a schematic presentation of a transistor in the off- and the on-state is shown.
The ZnO transistors were characterized in an NO2 ambient at room temperature.
The gate was grounded and there were no charges in the semiconductor. The current
was low for all drain biases and did not change with NO2 content. Large changes occured,
however, when a gate bias was applied. Figure 5.2a serves as an illustration. A ZnO
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transistor kept in vacuum was turned on by applying a positive gate bias. A small source
drain bias was applied and the current was measured as a function of time. The current
was stable, there was only a small drift due to residual gate bias stress.41 After 4 minutes
of measuring, NO2 gas was admitted. The current immediately dropped and within
10 minutes the current decreased by more than three orders of magnitude. To elucidate
the origin of the current drop, the transfer curves were measured a few times during the
transient current measurement. Figure 5.2b shows that in vacuum the transistor switches
on at 0 V gate bias (left curve). After NO2 exposure and upon continuously applying a
positive gate bias, the transfer curve shifts towards the applied gate bias (middle and right
curves). The shape however remains unaffected, implying that the field-effect mobility
remains the same. The main effect of NO2 exposure is a shift of the threshold voltage,
Vth. At room temperature the recovery can be disregarded.




























Figure 5.2: a) Drain current of a ZnO field-effect transistor as a function of time using an
applied gate bias of 30 V and a drain bias of 2 V. The measurement starts in vacuum and after
4 minutes 250 ppb NO2 was admitted. b) Transfer characteristics corresponding to the indicated
times during the measurement in (a). The left curve was measured in vacuum, the middle and
right curves were measured during NO2 exposure.
In summary, at zero gate bias the electrical transport did not change; the ZnO tran-
sistors were chemically stable in NO2. The transport only changed when a positive gate
bias was applied in NO2 ambient. The measurement of the transfer curve should not
influence the state of the transistor. Hence it is crucial to keep the time to measure a
transfer curve as short as possible.
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5.4 Threshold voltage dynamics
The applied gate bias dominates the threshold voltage shift. When a ZnO transistor is
kept in NO2 atmosphere, with all contacts grounded, and at certain times quick transfer
curves are measured, then the threshold voltage hardly changes. Hence doping of the
ZnO semiconductor by oxidizing NO2 can be disregarded.



































Figure 5.3: a) Transfer curves of a ZnO transistor under exposure of 320 ppb NO2 as a function
of time under a continuously applied gate bias of 30 V. The arrows indicate transfer curves
measured after 1 to 1000 seconds. b) The threshold voltage shift obtained from (a) presented
as a function of time on a semilogarithmic scale. The solid line is a fit to a stretched-exponential
time dependence.
To elucidate the role of a finite gate field, a continuous gate bias was applied for a
longer time, with grounded source-drain electrodes. The resulting threshold voltage shift
was monitored by measuring the transfer curves as a function of time. In Figure 5.3a,
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the linear transfer curves measured at a 2 V drain bias are presented as a function of
stress time, the time at which the gate bias is applied. Figure 5.3a shows that the
transfer curve shifts with stress time towards the applied gate bias, in this case 30 V.
The arrows indicate transfer curves measured after 1 to 1000 seconds. The shape of
the curves does not change. Therefore the shift in threshold voltage is similar to the
shift in pinch-off voltage. The threshold voltage shift, with respect to the reference value
measured in vacuum, is presented in Figure 5.3b as a function of time on a semilogarithmic
scale. Initially a fast change is observed, while at longer times the threshold voltage shift
saturates at the value of the applied gate bias. This rate of change resembles the
temporal behavior of a stretched-exponential relaxation. Hence the threshold voltage










where τ is a relaxation time, β is a dispersion parameter equal to T/T0, and V0 =
VG − Vth0, where VG is the applied gate bias and Vth0 is the threshold voltage at the
start of the experiment. Figure 5.3b shows that a good agreement is obtained with a
characteristic relaxation time of 26 seconds and a dispersion parameter β of 0.25.
The shift was determined for various gate biases. Figure 5.4a shows the threshold
voltage as a function of time for various gate biases of 0, +10, +20, and +30 V. When
the gate is grounded, the threshold voltage does not shift and the transfer curve does not
change. Only when a finite positive gate bias is applied the threshold voltage shift towards
the applied gate bias. The solid lines show that each measurement can be fitted with a
stretched-exponential time dependence. The fit constants τ and β are independent of
the gate bias as can be inferred from the inset of Figure 5.4a, which shows the threshold
voltage shift normalized to the applied gate bias. Equation 5.1 describes the threshold
voltage shifts for all gate biases.
Figure 5.4a can qualitatively be understood as follows. Upon application of a positive
gate bias, electrons accumulate in the channel. Some are trapped at defect sites or
acceptor molecules. The trapped charges do not contribute to the current but they shift
the threshold voltage. When the trapped charges fully compensate the applied gate bias,
there is no driving force left for charge accumulation. The threshold voltage shift saturates
at the applied gate bias and a steady-state is reached. The charge trapping process is
schematically depicted in Figure 5.4b. With time, mobile electrons are continuously
trapped until the steady-state is reached where the gate bias is completely compensated
by immobile trapped charges.
The threshold voltage shifts only when the gate bias is applied; the drain bias in the
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Figure 5.4: a) Threshold voltage shift as a function of time for various applied gate biases.
The NO2 concentration was 300 ppb. The data points were fitted to a stretched-exponential
time dependence, Equation 5.1, as shown by the solid lines. The inset shows the threshold
voltage shifts normalized to the applied gate bias. b) Schematic representation of the charge
trapping process in a transistor. With time, mobile electrons are continuously trapped until
the steady-state is reached and the gate bias is completely compensated by immobile trapped
charges.
linear regime has no influence, in contrast with classical chemiresistors. A ZnO transistor
was kept in NO2 atmosphere and, as above, the current was measured as a function
of time. At certain times the drain bias was grounded. Figure 5.5 shows a continuous
current decrease, irrespective of the time that the drain bias was grounded, demonstrating
that the drain bias can be disregarded. Implicitly it also shows that current itself is not
the origin of the current decay. Therefore, contact degradation42 can be ruled out as the
sensing mechanism.
The temporal behavior was measured for various NO2 concentrations using a single
ZnO transistor. After each series of measurements the transistor was annealed at 150 ◦C
in vacuum for 1 hour to recover the original 0 V threshold voltage. For each NO2 con-
centration the threshold voltage shift was determined as a function of the stress time.
Figure 5.6a shows the extracted threshold voltage shifts as a function of time and NO2
concentration. For all concentrations, the threshold voltage shifts to the applied gate
bias of 30 V. The main effect of exposing the transistor to different concentrations is
the time dependence. The solid lines are a stretched-exponential fit to the data. For all
concentrations a good agreement is obtained. The dispersion parameter β is almost un-
changed. Figure 5.6b shows that the main change is in the characteristic relaxation time,
which varies over orders of magnitude by changing the NO2 concentration. The slope of
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Figure 5.5: Drain current of a ZnO field-effect transistor under an applied gate bias of 30 V
and drain bias of 2 V as a function of time. The NO2 concentration was approximately 800 ppb.
At certain times the drain bias was grounded.
the fit is unity; the relaxation time is inversely proportional to the NO2 concentration.
Finally it is noted that Figure 5.6 shows that extremely low NO2 concentrations, down
to the ppb level, can be detected.
Experimentally, a shift of the threshold voltage is found that can phenomenologically
be described. To investigate the vast parameter space of field-effect transistors, the ZnO
layer thickness was varied. For each thickness, the shift in threshold voltage was extracted
and plotted in Figure 5.7a as a function of stress time. The solid lines are a fit to the
data. A good agreement is obtained for all thicknesses. Again the change in dispersion
parameter is negligible; the main effect is a change in relaxation time. Figure 5.7b shows
that, within experimental accuracy, the relaxation time increases exponentially with layer
thickness.
5.5 Rationalization of the temporal behavior
The experimental data can be summarized as follows. Without applied gate bias the
transistors are stable in an NO2 ambient. Hence doping of the ZnO semiconductor by
oxidizing NO2 can be disregarded. The current drops only when a positive gate bias is
applied in an NO2 ambient, regardless of the applied drain bias. The origin of the current
drop is a shift in the threshold voltage. The shape of the transfer curve does not change,
the mobility remains constant, and hence the material properties remain unaffected. Also
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Figure 5.6: a) Threshold voltage shift of a ZnO transistor as a function of time upon exposure
to different concentrations of NO2. The continuously applied gate bias was 30 V. The extracted
shifts were fitted to a stretched-exponential time dependence. b) Relaxation time, τ , as a
function of the NO2 concentration. The slope of the fit is unity.
contact degradation can be ruled out as the sensing mechanism because the current itself
is not the origin for the current decay.
The threshold voltage shift is due to charge trapping mediated by the NO2. The
threshold voltage in a transistor is set by the flat band voltage, the difference in work
function between the electrodes and the semiconductor. When a ZnO transistor is turned
on electrons are accumulated. Some of them are trapped; the trapped charge themselves
do not contribute to the current but are still part of the electrostatic charge that shield
the gate voltage. The threshold voltage shifts by eQf/Cox where e is the elementary
charge, Cox is the gate dielectric capacitance, and Qf are the fixed charges.
43,44 A shift
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Figure 5.7: a) Threshold voltage shift as a function of time upon exposure to 3 ppm NO2
for different ZnO layer thicknesses. The continuously applied gate bias was 30 V. The time
dependence was fitted with a stretched-exponential. b) Relaxation times, τ , as a function of
ZnO layer thickness. The solid line is an exponential fit to the data points.
of the threshold voltage with time is due to an increase of the fixed charges, Qf. With
time the effective gate field decreases and the threshold voltage saturates at the applied
gate bias; no current flows and a steady-state is reached. It is tempting to assign the
microscopic nature of the charged trap state directly to oxidized NO2, but this requires
further investigation and is irrelevant for the forthcoming description.
Experimentally it was determined that the threshold voltage shift as a function of time
and partial NO2 pressure can phenomenologically be described by a stretched-exponential
time dependence. This stretched-exponential decay, called William-Watts or Kohlrausch
relaxation, is observed in a wide class of disordered systems, such as relaxation of glasses
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toward equilibrium, dielectric relaxation in a charge density wave system, and dispersive
transport in photoconductors.45 It holds for all dispersive transport processes in an
exponential distribution of trap states.46
The measurement protocol used to determine the threshold voltage shift resembles
that to determine the operational stability of amorphous semiconductors due to gate bias
stress.47,48 When a transistor is turned on for a long time, the threshold voltage shifts
to the applied gate bias according to a stretched-exponential time dependence. Without
NO2, the ZnO transistor shift is small; the operational stability does not hinder the ex-
periment. With NO2 however, a dramatic shift of the threshold voltage was observed.
The shift was orders of magnitude faster, but the functional dependence was the same.
The microscopic mechanism for the operational stability in amorphous semiconductors
is heavily debated, the origin could, for instance, be due to hydrogen diffusion.49 That
microscopic origin obviously does not apply here; hydrogen is absent. However, the form-
alism developed to describe the threshold voltage instability is generic and independent
of the nature of the trap site.
Hydrogenated amorphous silicon contains metastable defect sites with a density, Ns.
Upon stressing, metastable states are transformed into charged defects. The rate of
defect formation is proportional to the rate of hydrogen diffusion. The conversion from
metastable to charged defect states is large at the beginning of the experiment and zero
at infinite time, t → ∞. Consequently the change in defect density from equilibrium,
∆Ns, is given by:
d∆Ns
dt
= −A D(t) ∆Ns (5.2)
where A is a proportionality constant and D(t) is a time-dependent diffusion constant.
Diffusion by trapping and detrapping of hydrogen atoms is usually modeled by a dispersive
diffusion coefficient given by:49
D(t) = D00(ωt)
−α (5.3)
in which D00 is the microscopic diffusion constant, α is the temperature dependent
dispersion parameter given by α = 1 - β, and ω = 1/τ is an attempt frequency. Solving
Equation 5.2 with the boundary condition that the threshold voltage at infinite time
is equal to the applied gate bias yields a stretched-exponential time relaxation for the
threshold voltage shift in amorphous silicon transistors similar to Equation 5.1.
The analysis presented above can be applied to detection of NO2 with ZnO transistors.
Experimentally it was determined that the temporal behavior of the threshold voltage as
a function of partial NO2 pressure can phenomenologically be described by a stretched-
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exponential decay as well. The characteristic relaxation time, τ , is inversely proportional
to the partial NO2 pressure and scales exponentially with the ZnO layer thickness. Both
dependencies can be rationalized by assuming that the NO2 mechanism relies on charge
trapping with an anomalously wide distribution of trapping times due to a time-dependent
diffusion coefficient. The dispersive diffusion coefficient is dominated by the density of
NO2 at the gate dielectric-ZnO interface. The partial NO2 pressures are low (in the
ppb range). Assuming a Langmuir isotherm for the NO2 absorption, the density of
absorbed NO2 is then proportional to the partial vapor pressure. Simultaneously the
density of absorbed NO2 decreases exponentially with the ZnO layer thickness, with a
decay constant determined by the morphology.35 These realistic assumptions are sufficient
to explain the experimentally observed dependencies of the characteristic time scale, τ
on pressure and layer thickness, i.e., τ ≈ 1/pNO2 and τ ≈ exp dZnO.
Experimentally, a constant dispersion parameter, β, is observed that is given by T/T0,
in which T is the temperature and T0 the isokinetic temperature characterizing the width
of the density of trap states. The constant value of β might indicate that a single spe-
cies is responsible for the charge trapping. The derivation above predicts an exponen-
tial dependence of τ on temperature and a linear dependence of β on T. Preliminary
experimental results show, however, nearly temperature-independent parameters. The
temperature dependence will be further investigated in Chapter 6.
5.6 Extension to organic semiconductors
The shift of the transfer curve for the ZnO field-effect transistors is towards the positive
applied gate bias. ZnO is an n-type semiconductor. The shift originates from trapping
of the majority charge carriers, i.e., electrons, and therefore allows for a quantitative
description of the trapping dynamics. To eliminate the possibility of a specific inter-
action between the NO2 and ZnO as the sensing mechanism the semiconductor was
varied. For completeness, air-stable n-type (perylene derivative ActivInk N1400, Polyera
Corporation),50 p-type (polytriarylamine Lisicon S1124, Merck Chemicals Ltd.),51 and
ambipolar (NiDT, bis[4-dimethylaminodithiobenzyl]-nickel, Sensient GmbH.)52 organic
semiconductors were studied. Layers were spin-coated on transistors test substrates.
The shift of the transfer curves, as measured for the n-type and ambipolar semiconduct-
ors, shows that electrons are trapped. The temporal behavior is again in good agreement
with a stretched-exponential decay, indicating that the same microscopic mechanism op-
erates. For the p-type semiconductor the threshold voltage shifts to positive gate biases
as well. Consequently the current at a fixed gate bias increases upon measuring in an
NO2 ambient. The shift in threshold voltage is again due to trapping of electrons and not
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due to chemical doping. However, in a p-type semiconductor electrons are the minority
carriers,53 which hampers a quantitative interpretation of trapping dynamics.
Numerous investigations on the use of transistors with a large variety of semiconduct-
ors as potential NO2 sensors have been reported. In all cases changes in current upon
NO2 exposure have been demonstrated, i.e., a decrease for n-type semiconductors and
an increase for p-type semiconductors. Many detection mechanisms have been reported,
such as chemical doping of the bulk semiconductor, modulating the injection by varying
the contact barrier, and depleting electrons from the charge transport layer. A detailed
study of the dynamics of the threshold voltage shift has not yet been reported. The
insights presented here rationalize previous results, yielding a generic description of the
NO2 detection mechanism in transistors. Furthermore, the detection mechanism and the
derived measurement protocol can be used as a guideline to improve future NO2 sensors.
5.7 Conclusions
NO2 sensors are required to monitor and control the air-quality standards. Commercial
sensors are typically chemiresistors, which monitor change in grain boundary resistances.
In recent years, field-effect transistors have been suggested as an alternative sensing
technology. In order to elucidate the NO2 sensing mechanism, transistors with ZnO as a
semiconductor were used. The electrical transport does not change when the transistor
is exposed to NO2. The transport only changes when in an NO2 ambient a positive gate
bias is applied. The current drops with time.
The current decrease of the transistor originates from a gradual shift of the threshold
voltage. The temporal behavior can phenomenologically be described by a stretched-
exponential time relaxation. The characteristic relaxation time is inversely proportional
to the partial NO2 pressure and scales exponentially with the ZnO layer thickness. NO2
absorption is assumed to follow a Langmuir isotherm. A trapping and detrapping process
of electrons can explain the stretched-exponential decay and the dependences on ZnO
layer thickness and NO2 concentration. NO2 detection has been demonstrated with n-
type, p-type, and ambipolar semiconductors. In all cases, a shift of the threshold voltage
is obtained that is due to trapping of electrons. Hence, the description of the NO2
detection in field-effect transistors is generic and can be used to improve future NO2
sensors.
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Dynamics of charge carrier trapping in NO2
sensors based on ZnO field-effect transistors
Nitrogen dioxide (NO2) detection with ZnO field-effect transistors is based on charge
carrier trapping, as described in the previous chapter. In this chapter, the dynamics of
charge trapping and recovery as a function of temperature are investigated by monitoring
the threshold voltage shift. The threshold voltage shifts follow a stretched-exponential
time dependence with thermally activated relaxation times. Activation energies of 0.1 eV
for trapping and 1.2 eV for detrapping have been found. The attempt-to-escape fre-
quency and characteristic temperature have been determined as 1 Hz and 960 K for
charge trapping and 1011 Hz and 750 K for recovery, respectively. Thermally stimulated
current measurements confirm the presence of trapped charge carriers with a trap depth
of around 1 eV.
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A. Andringa, N. Vlietstra, E. C. P. Smits, M. Spijkman, H. L. Gomes, J. H. Klootwijk, P. W. M. Blom,
D. M. de Leeuw, Sensors and Actuators B: Chemical, 2012, 171-172, 1172.
59
Chapter 6. Dynamics of charge carrier trapping in NO2 sensors based on ZnO FETs
6.1 Introduction
NO2 sensors are required to monitor and control air-quality. Commercial sensors are
typically chemiresistors, which monitor changes in grain boundary resistances.1–3 In
recent years, field-effect transistors have been suggested as an alternative sensing tech-
nology.4,5 A wide variety of semiconductors has been investigated for NO2 sensing, such
as amorphous organic semiconductors,6,7 porous silicon,8,9 silicon nanowires,10 carbon
nanotubes,11–13 and metal oxide nanowires.14 In all cases changes in current upon NO2
exposure have been demonstrated. In addition, a high sensitivity down to 10 ppb NO2
has been reported.
In the previous chapter, the detection mechanism has been elucidated using ZnO as
a semiconductor.15 Here a short summary will be given. The electrical transport does
not change when the transistor is exposed to NO2. However, the transport changes in
an NO2 ambient when a gate bias is applied. A current decrease in time is observed,
originating from a shift of the threshold voltage towards the applied gate bias. The rate
of the threshold voltage shift depends on the partial NO2 pressure. Concentrations as
low as 10 ppb can be detected.
A typical response of a ZnO transistor exposed to an NO2 ambient is presented in
the 3D plot of Figure 6.1. A constant gate bias was applied and after certain times
the linear transfer curves were measured. The transfer curves shift with stress time in
the direction of the applied gate bias. As a result, the source-drain current decreases
and eventually becomes equal to the leakage current. The complete transfer curve shifts
without changing shape, indicating that the mobility is not affected. The main effect of
NO2 exposure is a shift of the threshold voltage, Vth, here empirically defined as the onset
of current flow.16 In Figure 6.1, the grey line shows the threshold voltage shift towards
the applied gate bias as a function of stress time. The origin of the shift is trapping of
charge carriers.15 The gate bias sets the total accumulated charge density. With time
carriers are getting trapped, the density of free carriers decreases and the current drops.
At infinite time all carriers are trapped, leading to a negligible current and a threshold
voltage equal to the applied gate bias.
The change in current or threshold voltage with time depends on the NO2 concen-
tration. Hence a field-effect transistor can in theory be used as an NO2 sensor. At
room temperature however the charge trapping is irreversible. The time scale for release
of charge carriers, or recovery, is larger than days. In other words, at room temperat-
ure the transistor is not a sensor but an integrator as it monitors the accumulation of
trapped charge carriers. The response of a sensor to an analyte should be reversible,
which implies that the time scales for trapping and release of charge carriers should be
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Figure 6.1: Transfer curves of a ZnO transistor exposed to 320 ppb NO2, as a function of time
under a continuously applied gate bias of 30 V. The linear transfer curves, represented by the
black lines, were measured at a source-drain bias of 2 V. The grey line presents the threshold
voltage as a function of stress time. The threshold voltage is empirically taken as the onset of
current flow. The threshold voltage starts at about 0 V and shifts with time towards the applied
gate bias of 30 V.
comparable. In this chapter, the dynamics of charge trapping and recovery as a function
of temperature are investigated. At each temperature, the threshold voltage shifts follow
a stretched-exponential time dependence. The relaxation times are thermally activated.
The activation energies for trapping and release are independent of the NO2 content
and determined as 0.1 eV and 1.2 eV, respectively. The values for the corresponding
attempt-to-escape frequencies and characteristic temperatures are discussed. The activ-
ation energy for charge release is also determined by thermally stimulated current (TSC)
measurements, yielding a value of approximately 1 eV. The good agreement confirms
that charge carrier trapping is the responsible mechanism of the threshold voltage shift.
6.2 ZnO transistor fabrication and characterization
The fabrication of unipolar n-type ZnO field-effect transistors has been described in
detail in Chapter 2. The ZnO was applied using spray pyrolysis in ambient atmosphere.17
XRD and AFM measurements showed that the 10 nm thick ZnO layers exhibited a
microcrystalline morphology. To reduce the surface conductivity of the ZnO layer, a self-
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assembled monolayer (SAM) of n-octadecyl phosphonic acid was applied from a 3 mM
ethanol solution. The SAM was tested to have no effect on the sensitivity towards NO2.
The passivated ZnO transistors had a field-effect mobility of 0.1-2 cm2/Vs and showed
negligible hysteresis and high stability under gate bias stress.
The sensor’s response to NO2 was tested in the flow system described in Section 2.4.
Gate bias stress measurements were carried out using a Keithley 2602A System Source
Meter controlled by an in-house developed Labview program. To reduce charge trap-
ping during the probing of the threshold voltage, the transfer curves were measured in
less than a second by implementing a compliance stop at 100 nA. The ZnO transistors
were annealed in vacuum at 150 ◦C in order to set the threshold voltage at 0 V before
each measurement. As the threshold voltage, the gate bias at which the source drain
current is 1 nA was taken. The TSC measurements were conducted in sampling mode
with an Agilent 4155B Semiconductor Parameter Analyzer using an integration time of
0.5 seconds.
6.3 Temperature dependence of the threshold voltage dynamics
To investigate the trapping dynamics in a ZnO field-effect transistor in NO2, stress and
recovery measurements were performed as a function of temperature. The partial NO2
pressure was fixed at approximately 1.1 ppm. Figure 6.2a shows the threshold voltage as a
function of time during stress with a continuous applied gate bias at various temperatures.










where τ is a relaxation time, the dispersion parameter β equals to T/T0, and V0 =
VG−Vth0, where VG is the applied gate bias and Vth0 is the threshold voltage at the start
of the experiment. A good agreement between measured data and the fits is obtained.
The inset in Figure 6.2a shows the extracted dispersion parameter β as a function of
temperature. A linear dependence is obtained with a characteristic temperature T0 of
950 ± 75 K. The charge trapping hardly depends on temperature. The relaxation time
for charge trapping, τ , is presented in Figure 6.3 as a function of reciprocal temperature
(black). A straight line is obtained, showing that the relaxation time is thermally activated
as:







6.3. Temperature dependence of the threshold voltage dynamics
Figure 6.2: a) Threshold voltage shift of a ZnO field-effect transistor in NO2 as a function of
time under continuously applied gate bias of 30 V for several temperatures. The NO2 concen-
tration was approximately 1.1 ppm. The solid lines are fits with a stretched-exponential time
dependence. The inset shows the dispersion parameter β as a function of temperature. b) Tem-
perature dependence of the threshold voltage shift in recovery. The threshold voltage was first
set at 30 V by applying a continuous gate bias in NO2. With the NO2 still present, the stressed
transistors were recovered by grounding both gate and drain electrodes. The threshold voltage
shift as a function of time was fitted with a stretched exponential.
with a small activation energy, Ea, of 0.10 ± 0.04 eV and an attempt-to-escape frequency,
ν, of 1 ± 1 Hz. The attempt-to-escape frequency is defined as the phonon frequency
multiplied by the probability of electron-phonon colocalization.18
The recovery of the threshold voltage was measured as a function of temperature.
First the threshold voltage was set at 30 V by applying a continuous gate bias during
NO2 exposure. With the NO2 still present, the stressed transistors were then recovered
by grounding both gate and drain electrodes. The resulting threshold voltage shifts as a
function of time for various temperatures are presented in Figure 6.2b. The solid lines
are fits with a stretched-exponential time dependence (Equation 6.1). A good agreement
is obtained. The characteristic temperature, T0, is experimentally difficult to determine.
A temperature around 750 K is estimated, comparable to the characteristic temperature
extracted from the stress measurements. Figure 6.2b shows that the detrapping becomes
much faster with increasing temperature. The extracted relaxation time, τ , is presented
in Figure 6.3 as a function of reciprocal temperature (grey circles). The activation energy
for detrapping amounts to 1.2 ± 0.1 eV and an attempt-to-escape frequency, ν, is derived
of 1011±1 Hz.
In chapter 5, the relaxation time for charge trapping was found to be inversely propor-
tional to the NO2 pressure. At low NO2 content the measurement takes hours to days.
The long time scale hampers a reliable determination of the activation energy. Within
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Figure 6.3: Relaxation times, τ , as a function of reciprocal temperature for charge trapping
and recovery. The solid lines show that τ is thermally activated for both stress and recovery
with activation energies of 0.1 eV and 1.2 eV, respectively. The attempt-to-escape frequencies
are 1 Hz and 1011 Hz, respectively.
experimental accuracy however there is no change; the activation energy is expected to
be independent on the partial NO2 pressure. Recovery has been investigated with and
without NO2 present and furthermore in N2 and compressed dry air. The activation
energy for charge detrapping did not depend on the ambient.
In recovery the changes in threshold voltage shift due to the applied biases were
investigated. For drain biases between 0 V and 20 V there was hardly any change in
relaxation time. Similarly, the relaxation time was not affected by the value of the
applied gate bias. Only the final threshold voltage changed; it saturated at the applied
positive gate bias. Furthermore, the recovery could not be enhanced by putting the
stressed transistor in deep depletion. A parameter that did influence the kinetics is the
presence of light. It has been reported that the recovery properties of ZnO and SnO2
sensors were improved remarkably by UV light irradiation.19–21 Preliminary experiments
showed that the relaxation time under UV illumination in the ZnO FET decreased by
orders of magnitude.
The operational reliability of organic and inorganic field-effect transistors has been
studied extensively. It has been reported that the time scale for recovery depends on the
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extent of stressing.22 In Figure 6.4 the recovery of the ZnO transistors as a function of
the trapped charge density is investigated. Figure 6.4a shows the threshold voltage of a
ZnO transistor in an NO2 ambient as a function of stress time using a 30 V gate bias.
After a certain stress time, varied between 1 second and 2000 seconds, the gate bias was
set to 0 V and the recovery was measured. The solid lines in Figure 6.4b are fitted with
a stretched-exponential time dependence. The relaxation times obtained did not depend
on the history, viz. the trapped charge density. The reason is not yet understood.
















Figure 6.4: a) Threshold voltage of a ZnO field-effect transistor in NO2 as a function of
time under a continuously applied gate bias of 30 V at 433 K. b) After a certain stress time,
varied between 1 second and 2000 seconds, the gate bias was set to 0 V and the recovery was
measured, as indicated by the arrows. The solid lines are fitted with a stretched-exponential
time dependence. The relaxation times obtained do not depend on the history.
6.4 Thermally stimulated current
To confirm the presence of trapped charge carriers and to derive the trap density and
energetic depth, thermally stimulated current measurements were performed. The traps
are filled by applying a bias while the temperature is such that the trapped carriers cannot
be freed by the thermal energy. The temperature is then raised linearly. The liberated
carriers contribute to the excess current, i.e. the external current minus the leakage
current, until they recombine with carriers of the opposite type or join the equilibrium
charge carrier distribution. This excess current, measured as function of temperature
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during heating, is called the thermally stimulated current. For a single trap level, a TSC
curve has one maximum whose position depends on capture cross section, heating rate
and trap depth. Because detrapping currents are extremely small (pA), TSC can only
be used with relatively insulating materials. Gate bias-stressed TFTs satisfy this require-
ment because they behave as normally-off or fully depleted TFTs. When performing
TSC experiments the transistor is connected as a metal-insulator-semiconductor (MIS)
capacitor.
A transistor is exposed to 1.1 ppm NO2 and a gate bias of 30 V is applied for
1300 seconds. The transfer curve then is fully shifted to the applied gate bias; all induced
accumulated carriers are trapped. The trap filling was performed at room temperature,
detrapping can be disregarded (Figure 6.2b). The stressed transistor then is heated at a
constant rate, βh = dT/dt up to 520 K. The trapped carriers are released and collected
at the grounded source and drain electrodes. The temperature where a current peak
occurs is related to the energetic depth of the trap state and the area under the peak is
related to the trap density.
The TSC curves as a function of temperature are presented in Figure 6.5 for three
linear heating rates, 0.8, 2.4 and 4.0 K/min. The TSC gradually increases with tem-
perature until a peak maximum is observed at a particular temperature, Tm. Both the
absolute value of the current and Tm increase with the heating rate as expected.
The density of filled traps, Nt, can be estimated from the time integrated TSC current
as:
Q = eNtA =
∫
Idt (6.3)
where Q is the integrated total charge and A is the surface area between the electrodes.
However, experimentally a linear dependence of the integrated current on the channel
length is not observed, which indicates that the charges are extracted from an area larger
than that between the electrodes. This conclusion is supported by the magnitude of the
integrated current. The derived trapped charge density from the threshold voltage shift
and the dielectric capacitance is 3×1012 charges per cm2. From the TSC measurements
an integrated total charge of 9× 10−8 C is found. Assuming that only the area between
the electrodes contributes to the TSC current, a trapped charge density of 6×1014 charges
per cm2 is calculated. The value is two orders of magnitude higher. The reason for this
discrepancy lies in the fact that the entire substrate is coated with ZnO. Therefore, when
the gate bias is applied, the entire ZnO/SiO2 interface is charged. The charges in the
vicinity of the TFT can diffuse to the contacts and the leads, where they are collected
and measured in the external circuit. Based on the differences of the total amount of
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Figure 6.5: Thermally stimulated current as a function of temperature (TSC) obtained in a
ZnO field-effect transistor exposed to 1.1 ppm NO2. The traps were filled at 320 K by applying a
30 V gate bias for 1300 seconds and grounding the source and drain electrodes. After stressing,
the source and drain current was measured while grounding all three electrodes. The heating
rates, βh, were 0.8, 2.4 and 4.0 K/min. The dashed lines are a fit to the data using the Cowell
and Woods method. The inset presents a plot of ln(T 4m/βh) versus T
−1
m , where Tm is the
temperature of the current maximum.
charge and the experimental device geometry, it is estimated that electrons can diffuse
over distances in the order of 1 mm.
The extraction of the trap parameters from TSC measurements is not straightfor-
ward. The current temperature profile does not only depend on the density, depths and
distribution of the traps, but depends also on the details of the charge transport such as
charge carrier mobility and the occurrence of retrapping. The data was analyzed using
several models, viz . the initial rise time method,23,24 the heating rate method25,26 and
the curve fitting method by Cowell and Woods.27,28
The initial rise method is valid for all types of recombination kinetics and assumes that
the current in the initial part of the curve, when the traps begin to empty, is exponentially
dependent on temperature. This method is often used when the full TSC curve cannot
be recorded or is distorted by other processes. The method only provides the trap depth
and is usually less accurate than the other models. The initial TSC curves in Figure 6.5
follow a single exponential behavior with an activation energy of 0.72 eV.
A more reliable determination of the trap depth is obtained from the relation between
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the heating rate, βh, and the temperature of the peak maximum, Tm, as described by















in which ∆E is the trap depth, kB is the Boltzmann constant, σ is the capture cross
section and γ is a parameter depending on the effective mass. From the series of TSC
scans at different heating rates in Figure 6.5, the peak temperatures are determined. The
activation energy of the trap can then be obtained from a linear plot of ln(T 4m/βh) versus
T−1m . The inset in Figure 6.5 shows that a straight line is obtained. The slope yields a
value for the activation energy, ∆E , of 0.92 eV.
Finally, the complete TSC curves were fitted numerically using the classical approach
of Cowell and Woods. The underlying assumption is monomolecular recombination of
the charge carriers from a discrete set of traps with a single trapping level with a trap




1 + B exp (−Θ)Θ−2)2 + Ioff (6.5)
in which A = ntτeµν, B = ν∆E/βhkB = Θ
2
m exp Θm, Θ = ∆E/kBT and Θm =
∆E/kBTm. Here, nt is the initial density of filled traps, τ is the average lifetime of a free
carrier, µ is the mobility and ν is the attempt-to-escape frequency. The TSC curves can
be fitted with four fitting parameters, Tm, A, ∆E and Ioff. At high temperatures, when
a significant number of traps is emptied, the conductivity of the TFT channel is partially
restored and the associated background current severely distorts the measurements. For
temperatures above the TSC peak the current cannot be treated solely as a detrapping
current and the analysis is not possible. The best fits, shown in Figure 6.5 as dashed
lines, show a good agreement with the measured currents. A trap depth, ∆E , of 1.0 eV
is extracted comparable to the value derived by the method of Blood and Orton described
above.
The apparent capture cross section, σ, given by the attempt-to-escape frequency
divided by the thermal velocity, vth, and the density of conduction band states, Nc,
can also be estimated. When it is assumed that B equals ν∆E /βhkB, an attempt-to-
escape frequency, ν, can be derived in the order of 107 Hz. Using a thermal velocity
of 107 cm/s29 and Nc = 10
20 cm−3 an apparent cross section is derived in the order of
10−20 cm−2. This small value might suggest that in order to capture a charge carrier,
a repulsive barrier has to be surmounted.25 However, the attempt-to-escape frequency
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may be grossly underestimated because the fitting parameters are not independent. A
more reasonable value for ν of 1011 Hz was obtained from the recovery measurements.
By using this value the apparent cross section is estimated to be 10−16 cm−2 in line with
a non-ionized, neutral trap.
6.5 Trapping mechanism
The different time constants for charge trapping and recovery can be explained by a deep
trap filling process. The trap filling is essentially controlled by the number of unoccupied
trap states and by the free carrier density induced by the gate bias, while the recovery
is due to thermally activated emission. Initially, the transistor is not stressed. The traps
are empty and the free carrier concentration is relatively high. The capture rate, cn, is
directly proportional to the free carrier concentration, n, and to the number of unoccupied
states:30
cn = n{Nt[1− f (Et)]} νthσ (6.6)
where Nt[1-f(Et )] gives the density of empty states, Nt is the density of filled traps, Et is
the trap depth and vth the thermal velocity. As the threshold voltage shifts towards the
applied gate bias, the free carrier density decreases which slows down the capture rate.
Equation 6.6 shows that the capture rate is temperature independent. Only the thermal
velocity depends on the square root of the absolute temperature. For the experimentally
used temperature range of 300 K through 500 K, this dependence can be disregarded.
In conclusion, the electron capture process is a temperature independent process, as is
experimentally observed by an almost negligible activation energy of 0.1 eV.
The attempt-to-escape frequency of 1 Hz extracted from the threshold voltage dynam-
ics upon charging is orders of magnitude lower than that of a typical phonon frequency
of 1012 Hz. The reason is that depending on the microscopic mechanism, the extracted
escape-frequency contains temperature independent prefactors. A rate determining step
can be the diffusion of NO2 at the gate dielectric-ZnO interface. In the previous chapter
it was shown that the relaxation time τ is inversely proportional to the density of NO2 at
the gate dielectric-ZnO interface. This assumption explains the experimentally observed
dependences of the relaxation time on NO2 pressure and ZnO layer thickness, viz. τ ≈
1/pNO2 and τ ≈ exp dZnO.15 Calculating a capture cross section while disregarding these
prefactors leads to an unrealistically small value.
During recovery all free carriers are exhausted. Therefore, retrapping can be disreg-
arded. The emission rate from the traps is now mostly determined by the trap depth and










Contrary to the temperature independent charge carrier trapping, the recovery is strongly
thermally activated. From the temperature dependent recovery experiments we have
extracted an activation energy of 1.2 eV, in good agreement with the trap depth of
1.0 eV as derived from the TSC measurements. Detrapping can be described as a simple
phonon assisted process. The value of the extracted attempt-to-escape frequency of
about 1011 Hz is comparable to that of a typical phonon frequency and the capture cross
section of 10−16 cm−2 is in line with that of a neutral trap.
6.6 Conclusions
A field-effect transitor with ZnO as a semiconductor was used to investigate the charge
trapping dynamics in NO2 ambient. The ZnO transistors are chemically stable in NO2.
The transport only changes when upon exposure to NO2 the transistor is biased in
accumulation; the threshold voltage shifts towards the applied gate bias. The origin of
the shift is charge carrier trapping. The dynamics of trapping and recovery have been
investigated as a function of temperature. The threshold voltage shifts for both trapping
and recovery follow a stretched-exponential time dependence. The relaxation times are
thermally activated. The activation energies for trapping and release are independent
of the NO2 content and have been determined as 0.1 eV and 1.2 eV, respectively. The
attempt-to-escape frequency and characteristic temperature have been determined as
1 Hz and 960 K for charge trapping and 1011 Hz and 750 K for recovery.
To confirm the presence of trapped charge carriers and to determine the trap depth,
thermally stimulated current measurements have been performed. The TSC curves have
been analyzed, and a trap depth around 1 eV has been obtained. The value is in good
agreement with the activation energy derived from the threshold voltage dynamics. De-
trapping can be described as a simple phonon assisted process. The value of the extracted
attempt-to-escape frequency of about 1011 Hz is comparable to that of a typical phonon
frequency and the capture cross section of 10−16 cm−2 is in line with that of a neutral
trap.
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Localizing trapped charge carriers
in NO2 sensors based on
organic field-effect transistors
NO2 detection with field-effect transistors relies on trapping of accumulated electrons,
leading to a shift of the threshold voltage. To determine the location of the trapped
electrons, different organic semiconductors are delaminated from the transistors with ad-
hesive tape and the surface potential of the revealed gate dielectric is measured with
scanning Kelvin probe microscopy. In this chapter, the trapped electrons are shown to
be located not in the semiconductor but at the gate dielectric. The microscopic origin
is discussed. Pinpointing the location paves the way to optimize the sensitivity of NO2
field-effect transistor sensors.
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7.1 Introduction
The operating mechanism of NO2 detection with a ZnO field-effect transistor has been
examined in Chapter 5 and 6. In literature, a wide variety of semiconductors has been
investigated, for example amorphous organic semiconductors,1 carbon nanotubes,2 and
metal oxide nanowires.3 In all cases, current changes upon NO2 exposure have been
demonstrated; i.e. a current decrease for n-type semiconductors and a current increase
for p-type semiconductors. The current change is caused by a shift of the threshold
voltage. This shift is due to fixed negative interface charges.4 Hence, electron trapping
is the generic mechanism for NO2 detection in field-effect transistors.
An important factor for the sensing with a field-effect transistor is the gate bias,
which sets the electron density. Without applying a gate bias transistors are stable in
NO2 ambient. With a positive gate bias however, electrons are accumulated that are
trapped. At infinite time, all induced carriers have become immobile. Then the threshold
voltage, here defined as the onset of current flow, is equal to the applied gate bias.
Despite many investigations on the mechanism of NO2 detection with field-effect
transistors the actual location of the trapped charges has remained unresolved. The
electron trapping can be either in the bulk of the semiconductor or at the interface
between the semiconductor and the gate dielectric. The exact location cannot easily be
determined because the gate dielectric interface is buried under the semiconductor. Here,
a very simple but effective technique of exfoliating the semiconductor with adhesive tape
is used. The revealed gate dielectric is then accessible for characterization with scanning
Kelvin probe microscopy (SKPM).5,6 This technique was earlier successfully applied to
reveal the location of trapped charges due to gate bias stress7 and to link the threshold
voltage shift in a transistor with a SAM-modified gate dielectric to charges trapped by
the SAM, as described in Chapter 4.8
In this chapter, the exfoliation technique is applied using organic semiconductors.
Organic semiconductors can be completely removed at once with adhesive tape. The
transistors are charged by applying a gate bias in an NO2 ambient. In situ measurements
of the surface potential within the transistor channel are performed before and after exfo-
liation, using SKPM measurements. Comparison of the obtained surface potentials with
and without the semiconductor present pinpoints the location of the trapped electrons at
the gate dielectric interface. The location can be confirmed by using a variety of organic
semiconductors.
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7.2 Transistor fabrication and characterization
Field-effect transistors with a channel length of 10 µm and width of 10,000 µm were
prepared as described in Chapter 2. To reduce gate bias stress and to facilitate the
exfoliation process, the gate dielectric was passivated with vapor deposited hexamethyl-
disilazane (HMDS).
As a semiconductor N,N-dialkylsubstituted-(1,7&1,6)-dicyanoperylene-3,4:9,10-bis-
(dicarboximide) derivative (Polyera ActivInktm N1400) is used. This well-established
air-stable n-type semiconductor exhibits charge carrier mobilities of 0.01-0.4 cm2/Vs.
The chemical structure is given as inset in Figure 7.1a. The semiconductor was blended
with high molecular weight polystyrene (Mw 994,000 g/mol, Aldrich Chem. Co.). This
high molecular weight polymer provides mechanical robustness to the film for improved
exfoliation while the device performance is not compromised, as shown in recent stud-
ies on solution blending of organic semiconductors with organic insulating polymers.9–13
Thin films were made by spin coating a blend containing 3.6 mg/ml of ActivInk N1400,
filtered with a 5 µm filter, and 18 mg/ml polystyrene in chloroform. The perylene bisim-
ide films were annealed in vacuum at 110 ◦C for one hour to remove residual water and
solvents.
Figure 7.1: Electrical characterisation of the field-effect transistors using ActivInk N1400 blen-
ded with high molecular weight polystyrene. a) Transfer curve and mobility measured at a
drain bias of 10 V. The inset shows the chemical structure of ActivInk N1400. b) Output
characteristics measured at the indicated gate biases.
Electrical characterization of the blend was performed under vacuum using an HP
4155B semiconductor parameter analyzer. Figure 7.1a shows the transfer characteristics
measured at a drain bias of 10 V. The extracted mobility was about 0.02 cm2/Vs and the
current modulation was over 4 decades, similar to the specifications of the pure ActivInk
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N1400. In Figure 7.1b the output characteristics are shown.
Gas measurements were performed in a Teflon flow chamber equipped with feed-
throughs for electrical contacting. NO2 was supplied from a cylinder containing 3 ppm
NO2 in the carrier gas N2 (Praxair). Additional nitrogen was used to further dilute the
mixture. The concentration was regulated using two mass flow controllers.
7.3 Charge carrier trapping visualized by SKPM
First the charge trapping caused by NO2 in perylene bisimide transistors is studied with
the semiconductor still present. The pristine transistor in N2 exhibits a 0 V threshold
voltage, shown as the left transfer curve in Figure 7.2a. The transistor was then exposed
to 1.5 ppm NO2 and subjected for 60 seconds to a continuous gate bias of 5, 10, 15
or 20 V, while the source and drain electrodes were grounded. Transfer characteristics
measured directly after the charge trapping are presented in Figure 7.2a. The threshold
voltage has shifted completely to the applied gate bias after 60 seconds, indicating that all
free charge carriers have been trapped. As a reference, a transistor was stressed without
NO2 for 60 seconds by applying a gate bias of 20 V. The resulting threshold voltage shift
was then only 0.5 V. This small value rules out conventional gate bias stress as a cause
for the threshold voltage shift on these time scales.
Figure 7.2: Charge carrier trapping in NO2 ambient. a) Transfer curves of a field-effect transistor
using as a semiconductor ActivInk N1400 blended with polystyrene. The gate sweep was recorded
at a source-drain bias of 10 V. The left transfer curve corresponds to the pristine transistor in N2.
The transistor was then exposed to 1.5 ppm NO2 and measured after application for 60 seconds
of a positive gate bias of the indicated value. The threshold voltage shifts to the applied gate
bias. The inset shows the perylene bisimide transistor. b) Potential profiles corresponding to
the transfer curves of Figure 7.2a with ActivInk N1400 still present.
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7.4. Localization of trapped charge carriers
The charged transistors were analyzed with SKPM after measuring the transfer curves,
allowing for a direct measurement of the surface potential. During the SKPM measure-
ment, all electrodes were grounded. Perylene bisimide is a unipolar n-type semiconductor
that does not support holes. Therefore the bulk perylene bisimide semiconductor can-
not screen negative charges in the channel and SKPM can be used to visualize trapped
negative charges. The local surface potentials in the channel are presented in Figure
7.2b. The pristine transistor with a 0 V threshold voltage shows a surface potential of
around 0 V, which indicates that there are no immobile charges present. The values of
the surface potentials measured in the channel of the charged transistors are negative and
in correspondence with the value of threshold voltage. The good agreement indicates
that the origin of the threshold voltage shift is trapped charges. The slight deviation
originates from the finite spatial resolution of the SKPM system14 and a decrease of the
amplitude of the surface potential with time, especially in light. The nonzero potential
measured on top of the source and drain contacts is again due to the spatial resolution.
7.4 Localization of trapped charge carriers
SKPM does not distinguish between electrons trapped in the bulk perylene bisimide
semiconductor or at the gate dielectric interface. The experiment to find the exact
location of the trapped charges is schematically depicted in Figure 7.3. The transistor
with the trapped electrons exhibits a positive threshold voltage. The trapped charges
are either in the semiconductor (I) or at the dielectric (II). In both cases, because there
is no screening by the unipolar bulk n-type semiconductor, the trapped charges give rise
to a negative surface potential with a magnitude equal to the value of the threshold
voltage shift. A distinction can be made after exfoliation of the semiconductor. In case I,
the exfoliation will remove the semiconductor including the trapped charge carriers. The
resulting surface potential is then zero. In case II, the trapped charges will stay behind
at the dielectric, and a negative surface potential remains.
An N1400 ActivInk transistor was exposed to NO2 and a gate bias of 20 V was applied
for 60 seconds. The surface potential, measured after charge trapping, is presented as
the black curve in Figure 7.4a. The negative surface potential indicates the presence of
trapped charges. To locate the charges, the experiment was repeated and the exfoliation
technique was applied. The transistor was exposed to NO2 using the same charge trap-
ping procedure. However, then the semiconductor was delaminated after stressing using
adhesive tape and tweezers, as shown in Figure 7.4b. The exposed gate dielectric was
probed with SKPM. The potential profile after exfoliation is shown as the grey curve. The
surface potentials are similar with and without semiconductor, which demonstrates that
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Figure 7.3: Schematic of the exfoliation experiment to localize trapped charge carriers. a) The
transistor after applying a positive gate bias in NO2. The trapped charges are either in the
semiconductor (I) or at the interface with the gate dielectric (II). In both cases, when there is
no screening, the trapped charges give rise to a negative surface potential equal to the threshold
voltage shift. b) Potential profiles after the exfoliation process. In case I, the exfoliation will
remove the semiconductor including the trapped charge carriers. The resulting surface potential
is then zero. In case II, the trapped charges will stay behind at the gate dielectric interface and
the negative surface potential remains.
the charges are not trapped in the semiconductor but trapped at the gate dielectric inter-
face. The minor differences are due to recovery in ambient light when the semiconductor
is still present.
It is well-known that exfoliation of two insulating materials can yield static charges by
contact electrification or tribo-charging. However, as discussed previously in Chapter 4
the potentials measured here are not generated by the peeling process. Firstly the meas-
ured potentials are reproducible and secondly, the correspondence of the threshold voltage
shift with the surface potential would be a rare coincidence.
The clear contrast in the optical photograph of Figure 7.4b shows that the exfoliation
is almost complete. Investigation with AFM showed only minute residues, due to the
phase separation between polystyrene and perylene bisimide.15 The almost complete
delamination is confirmed by photo-excitation experiments. With the semiconductor still
present the surface potential and the threshold voltage are recovered by turning on the
light of the microscope. In this case the trapped charges are released. However, after
delamination the surface potential does not change. The photo-excited carriers cannot
percolate to the contacts; the surface charges remain trapped.
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Figure 7.4: Comparison of surface potential before and after delamination. a) Surface potential
profiles of an N1400 ActivInk transistor after applying a 20 V gate bias for 60 seconds in NO2.
The black curve shows the potential profile with the semiconductor still present and the grey
curve shows the potential profile after delamination. The surface potentials are identical both
with and without semiconductor, which demonstrates that the charges are not trapped in the
semiconductor but trapped at the gate dielectric interface. b) The actual exfoliation process,
using adhesive tape and tweezers.
7.5 Extension to other semiconductors
To support the assignment of trapped charges to the gate dielectric, the experiments were
repeated with two other semiconductors, viz. poly(perylene bisimide acrylate) (PPerAcr,
Mw 30,900 g/mol, PDI 1.86) and polytriarylamine (PTAA). Both semiconductors can
be completely removed by delamination. The chemical structures are presented in the
insets of Figure 7.5. The synthesis and properties of PPerAcr have been described pre-
viously.16,17 Thin films were spincoated from a 5 mg/ml solution in chloroform and
annealed for one hour at 210 ◦C. Field-effect transistors showed unipolar n-type charac-
teristics with a mobility of about 4 x 10−4 cm2/Vs. The threshold voltage shifted upon
application of a gate bias in an NO2 ambient. The kinetics were comparable to that
of the low molecular weight perylene bisimide. The surface potentials before and after
exfoliation are presented in Figure 7.5a. When the semiconductor is still present a large
negative surface potential is measured. Because PPerAcr is a unipolar n-type semicon-
ductor the trapped charges again cannot be screened. The surface potentials before and
after exfoliation are similar confirming that the charges are trapped at the gate dielectric
interface.
The experiments were repeated using PTAA, a well-established air-stable unipolar
p-type semiconductor that exhibits charge carrier mobilities of 10−3 - 10−2 cm2/Vs.18 In
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Figure 7.5: Exfoliation of different semiconductors. a) Surface potential profiles of n-type
poly(perylene bisimide acrylate) (PPerAcr) field-effect transistor after applying a gate bias of 30
V for 60 seconds in NO2. The chemical structure of PPerAcr is shown in the inset. The black
curve shows the potential profile with the semiconductor still present and the grey curve shows the
potential profile after delamination. b) Surface potential profiles of a p-type polytriarylamine
(PTAA) field-effect transistor, after applying a gate bias of 20 V for 300 seconds in NO2.
The chemical structure of PTAA is shown in the inset. The black curve shows the potential
profile with the semiconductor still present and the grey curve shows the potential profile after
delamination.
an NO2 ambient the threshold voltage of a PTAA transistor shifts towards the applied
positive gate bias. The sign of the shift indicates the presence of trapped electrons. It
is known that the barrier for electron injection into PTAA is too large to inject elec-
trons within the time scale of the experiments.19 The presence of the electrons could be
due to surface conduction of the SiO2 gate dielectric,
20 but the origin is not completely
clear. Subsequently the surface potentials of the stressed transistor were measured be-
fore and after exfoliation. Figure 7.5b shows that the surface potential with the PTAA
semiconductor still present is about 0 V throughout the channel. The trapped electrons
didn’t appear in the surface potential as they were screened by mobile holes in the p-
type PTAA semiconductor. However, the trapped electrons were clearly visible as a large
negative surface potential after peeling off the PTAA semiconductor. For both PPerAcr
and PTAA AFM measurements showed that the semiconductor was completely removed
by exfoliation. The magnitude of the surface potential showed a good agreement with
the threshold voltage shift, pointing to electron trapping. SKPM measurements after




The microscopic mechanism of the charge trapping remains unknown. It is different
from that in commercially available chemiresistors. When the resistor is exposed to NO2,
the NO2 adsorbs on the surface of the metal oxide and redox reactions take place.
21
The extraction of electrons from the metal oxide results in an increase in the width of
the depletion layer and an increase of the corresponding potential barriers at the grain
boundaries. Then the resistance increases, or the current decreases. Transistors, however,
are stable in NO2 without applying a gate bias. The source-drain current only changes
when a positive gate bias is applied, i.e. when electrons are accumulated. The origin is
a shift in threshold voltage due to trapped charges at the gate dielectric and not due to
a change in grain boundary resistance.
The detection mechanism in a transistor cannot simply be trapping of an electron by
an isolated NO2 molecule as might be expected from the large electronegativity of NO2.
This reduction process should take place no matter if the NO2 molecule is in the bulk of
the semiconductor or at the gate dielectric interface. However, the exfoliation experiments
presented here have unambiguously shown that the trapped electrons are located at the
gate dielectric. Furthermore, literature data show that the type of semiconductor does not
play a role.1–3 Current changes upon NO2 exposure for a wide variety of semiconductors
have been reported. Finally for the three semiconductors investigated here, the charge
trapping dynamics are comparable. Apparently not the type of semiconductor but the
nature of the gate dielectric is crucial. Here, SiO2 passivated with HMDS is used.
Preliminary experiments have shown that the trapping time may increase when the HMDS
coverage increases. Experiments with organic gate dielectrics were inconclusive as the
semiconductor could not selectively be delaminated. The use of various dielectrics to
identify the microscopic nature of the trap is a topic of further research.
7.7 Conclusions
In summary, field-effect transistors have emerged as NO2 sensors. When a positive gate
bias is applied, electrons accumulate in the channel and they are getting trapped. At
infinite time, all induced charge carriers are immobile, leading to a threshold voltage
equal to the applied gate bias. To determine the location of the trapped electrons,
the semiconductor was delaminated with adhesive tape and the surface potential of
the revealed gate dielectric was measured with scanning Kelvin probe microscopy. The
exfoliation technique can be utilized because the semiconductor is bound by weak van der
Waals forces. Three different organic semiconductors have been used. The exfoliation
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experiments have unambiguously shown that the trapped electrons are not located in the
semiconductor but at the gate dielectric, here SiO2. Pinpointing the location paves the
way to optimize the sensitivity of NO2 field-effect sensors.
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Chapter 8
Analytical model for functional NO2 sensor
In the previous chapters, the operation mechanism of NO2 detection with field-effect
transistors was studied. The change in current or threshold voltage with time depended
on the NO2 concentration. Hence a field-effect transistor can in theory be used as an
NO2 sensor. In order to make a reversible sensor, the operating temperature should
be increased. Therefore, the charge trapping dynamics in a ZnO field-effect transistor
were investigated by performing stress and recovery measurements as a function of tem-
perature. Here, the obtained functional dependence is used as input for an analytical
model that predicts the sensor’s temporal behavior. The model is experimentally verified.
The perfect agreement between predicted and measured sensor response validates the
methodology developed. The analytical description can be used to optimize the driving
protocol. By adjusting the operating temperature and the duration of charging and re-
setting, the response time can be optimized and the sensitivity can be maximized for the
desired partial NO2 pressure window.
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Chapter 8. Analytical model for functional NO2 sensor
8.1 Introduction
A field-effect transitor with ZnO as a semiconductor was used in the Chapter 5 to invest-
igate the charge trapping dynamics in NO2 ambient. The transport changed when upon
exposure to NO2 the transistor was biased in accumulation; the threshold voltage shifted
towards the applied gate bias. The origin of the shift is charge carrier trapping. The
change in current or threshold voltage with time depended on the NO2 concentration.
Hence a field-effect transistor can in theory be used as an NO2 sensor.
At room temperature however the charge trapping is irreversible. The time scale for
release of charge carriers, or recovery, is larger than days. In other words, at room tem-
perature the transistor is not a sensor but an integrator as it monitors the accumulation
of trapped charge carriers. The response of a sensor to an analyte should be reversible. In
Chapter 6, the dynamics of charge trapping and recovery were investigated as a function
of temperature.
In this chapter, the experimentally determined threshold voltage dynamics are used as
input for an analytical model that predicts the sensors temporal behavior. The response
of the transistor can be calculated without any additional fit constants. Additionally, it
is shown that a sensor protocol can be made that allows for a dynamic read-out of the
partial NO2 pressure in real time. The model is experimentally verified and used in the
next chapter where the construction of a real-time sensor is described.
8.2 Charge trapping and recovery model
The charge trapping and recovery dynamics investigated in Chapter 5 and 6 can be
summarized in the following analytical description. For a given NO2 content the threshold
voltage as a function of time during charging with a continuous applied gate bias at










where τ is a relaxation time, the dispersion parameter β equals T/T0, where T0 is a
characteristic temperature, and V0 = VG − Vth0, where VG is the applied gate bias and
Vth0 is the threshold voltage at the start of the experiment. The relaxation time is
thermally activated as:







8.3. Functional NO2 sensor
where Ea is an activation energy, kB the Boltzmann constant, and ν is the so-called
attempt-to-escape frequency. For a given ZnO transistor the extracted parameters ν, T0
and Ea are fixed. Upon varying the NO2 pressure they do not change. Only the relaxation














where the normalization constant p∗NO2 is the partial pressure at which the frequency
factor ν has been determined. Hence the complete charging dynamics, viz. the time,
bias, temperature and NO2 dependence, can be described by only three parameters, ν,
T0 and Ea, that are constant for a given transistor and a normalization factor for the
NO2 concentration. The extracted values for the present transistor are 11 Hz, 960 K
and 0.1 eV, respectively. The underlying physics of the charge trapping process has been
presented in Chapter 6. The parameters can be extracted from a single measurement set
and then be used to quantitatively predict to complete charging dynamics.
Similarly the recovery can be described by a stretched-exponential time dependence
with a thermally activated relaxation time, Equations 8.1 and 8.2. The relaxation time
for recovery is independent of NO2 content. Hence, the recovery can quantitatively be
described with three parameters, ν, T0 and Ea, that are constant for a given transistor.
For recovery the extracted values are 1011 Hz, 750 K and 1.2 eV, respectively. The
underlying physics of the recovery process has been presented in Chapter 6.
8.3 Functional NO2 sensor
The model describes the change of the threshold voltage with time during charge trapping
or recovery. The threshold voltage dynamics depend on the partial NO2 pressure. Hence
it seems obvious to make an NO2 sensor. However, development of a sensor protocol
that allows for a dynamic response is not trivial.
Assume that a continuous gate bias is applied. Then the threshold voltage shifts to
the applied gate bias. The time needed to reach the final state is dependent on the partial
NO2 pressure. However, the final state itself is irrespective of the partial NO2 pressure
and the temperature. Hence, with a fixed continuous gate bias a transistor cannot be
used as a sensor. The gate has to be turned on intermittently. When a gate bias is
applied the transistor is charged and the threshold voltage shifts. When the transistor
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is turned off by applying 0 V gate bias, the transistor recovers. By optimizing the cycle
time and temperature, the final threshold voltage depends on the partial NO2 pressure,
yielding a real-time NO2 sensor.
At room temperature a practical sensor cannot be realized. Figure 6.2b in Chapter 6
shows that the time to recover is then in the order of months. Because there is no
relaxation, the sensor can only be used once and has to be reset into the pristine state
after each measurement. For a dynamic read out the time scales for charging and recovery
should be comparable, which can be achieved using higher operating temperatures.
The operating temperature and the cycle times can be optimized using the model as
described in Section 8.2. The model uses the temporal behavior of the threshold voltage
as a function of temperature and NO2 pressure. Now the model is adapted to the meas-
urement protocol including the charge trapping and recovery cycles. The response of the
transistor can then be calculated analytically with experimentally determined parameters,
without the use of any additional fit parameters.
The operation mechanism of the sensor is elucidated in Figure 8.1. For this example
the driving protocol consists of repetitive cycles of 10 seconds charging at a gate bias
of 30 V followed by 10 seconds recovering at a gate bias of 0 V, as presented by the
dashed lines. The calculated threshold voltage response is shown for 100 and 1000 ppb
NO2. In the calculation, the bias, V0, is taken as the difference between the applied gate
bias and the threshold voltage at the start of the pulse. Figure 8.1a shows the calculated
temporal behavior at room temperature. Upon application of the first gate bias pulse
the threshold voltage shifts. Upon switching off the gate bias, the threshold voltage
remains unchanged. At room temperature there is no recovery. In the next charging
pulse the threshold shifts further. After infinite time, the threshold voltage is the same
as the applied gate bias, irrespective of the NO2 concentration. The only difference is
the time needed to reach the final stage. The transistor acts as an integrator. The
threshold voltage irreversibly saturates at the maximum applied gate bias. Figure 8.1b
shows that by adjusting the operation temperature, a reversible response can be obtained.
The threshold voltage shifts upward and downward upon charging and recovering. The
selected driving protocol yields a dynamic response where the final threshold voltage is a
function of the NO2 pressure.
The calculated temporal behavior can be understood as follows. The driving force
for the change in threshold voltage is the difference between gate bias and the threshold
voltage at the start of the pulse. With an increasing number of cycles, the threshold
voltage shifts to the applied gate bias. The driving force for charging decreases and, at
the same time, the driving force for recovery increases. Figure 8.1b shows that after a
number of cycles, ∆Vth charging is equal to ∆Vth recovery and a dynamic equilibrium
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Figure 8.1: Calculated threshold voltage response to repetitive cycles of 10 seconds charging
at gate bias 30 V followed by 10 seconds recovering at gate bias 0 V upon exposure to 100 and
1000 ppb NO2. a) At room temperature there is no recovery and for every concentration the
threshold voltage saturates at the maximum applied gate bias. b) At 470 K, the response is
reversible and the threshold voltage shifts upward and downward upon charging and recovering.
After a number of cycles, a dynamic equilibrium is reached. The maximum and minimum
threshold voltages in equilibrium depend on the partial NO2 pressure.
is reached. The maximum and minimum threshold voltages in equilibrium increase with
partial NO2 pressure. The concentration dependence follows from the fact that the rate
of charging increases with NO2 pressure while the rate of recovery remains the same.
Using this analytical description, the final threshold voltages for each driving protocol,
temperature and NO2 pressure can be calculated. As an example in Figure 8.2 the
calculated maximum threshold voltages in equilibrium are presented as a function of NO2
pressure for 420 K and 470 K. The driving protocol comprised a charge and reset time of
10 seconds each. The solid lines are calculated. The experimentally determined threshold
voltages are presented by the squares. The values coincide with the calculated line. The
perfect agreement verifies the methodology developed.
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Figure 8.2: The maximum threshold voltages in equilibrium after charging as a function of NO2
content for 420 and 470 K using the driving protocol as presented in Figure 8.1. The solid lines
are calculated. The experimentally determined threshold voltages verify the calculations. In the
inset the equilibration time is plotted for the specified concentration range.
The inset of Figure 8.2 shows the time calculated to reach dynamic equilibrium for
the specified concentration range. The equilibrium is reached faster at higher temperat-
ures and at higher NO2 pressure. The reason can be that at higher pressures the rate
of charging increases, leading to a faster equilibrium. The calculated equilibrium times
have to be compared with those using a driving protocol with full recovery. At 470 K
full recovery will take an hour which is incompatible with any practical sensor applica-
tion. Here it is shown that full recovery is not needed to achieve an NO2 concentration
dependent response. A functional NO2 sensor can be made by intermittently addressing
the gate bias.
A practical sensor can only be obtained by measuring in real sensors working condi-
tions; changing background conditions should not affect the sensor performance.1 In the
next chapter this topic will be addressed.
The analytical description can be used to optimize the driving protocol. The input
parameters follow from the threshold voltage dynamics. Without any fit constants the
sensor response can be predicted. By adjusting the driving protocol and operating tem-
perature, the response time can be optimized and the sensitivity can be maximized for




To predict the response of the ZnO field-effect transistors in NO2, an analytical model has
been made based on a charge trapping process. Using this phenomenological model, a
sensor protocol has been developed for a functional NO2 sensor that monitors the partial
NO2 pressure in real time. The gate bias is turned on intermittently for repetitive cycles
of charging and resetting. To obtain comparable time scales for trapping and detrap-
ping, higher operating temperatures are used. The threshold voltage shifts upward and
downward upon charging and recovering. A dynamic equilibrium is reached where the
final threshold voltage is a function of the partial NO2 pressure. The operating temper-
ature and the driving protocol were optimized using the analytically calculated temporal
behavior of the threshold voltage. Only the experimentally determined parameters from
the charging and recovery measurements were used as input. The methodology has been
verified by comparing the calculated values with experimentally determining values. The
perfect agreement validates the methodology developed.
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Real-time NO2 detection at ppb level with
ZnO field-effect transistors
A functional real-time NO2 sensor based on a ZnO field-effect transistor is presented.
The dynamic response of the sensor is calculated using the analytical model described
in Chapter 8. Only the experimentally determined parameters are used, there are no
additional fit parameters. This phenomenological model based on charge trapping is im-
plemented in the sensor protocol to create a hardware demonstrator sensor. The partial
NO2 pressure in ambient air can be monitored in real-time for concentrations as low as
40 ppb. The response is verified by simultaneously measuring the NO2 content with a
calibrated reference sensor. A perfect agreement between the measured and reference
data is obtained, which validates the methodology. The sensor can be fabricated using
standard IC technology, which can easily be miniaturized and used in handheld applica-
tions.
Published as part of:
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Chapter 9. Real-time NO2 detection at ppb level with ZnO field-effect transistors
9.1 Introduction
NO2 sensors are required to monitor the air quality. An overview of the state-of-the-art
performance of NO2 sensing with chemiresistors based on metal oxides has recently been
reported.1 The operating temperature is typically around 200 ◦C, the response time
is around 1 minute, the detection range in the order of 1-100 ppm NO2, and the gas
response as relative resistance change is around 10-100 % per ppm NO2. Issues are long
term stability, reliability and cross sensitivity for other gases especially oxygen, although
the lack of selectivity can be overcome by using differential reading of multi sensor arrays.
In this chapter, a real-time NO2 sensor is constructed based on a ZnO field-effect
transistor (FET). In a FET, the current through the semiconductor can be altered over
orders of magnitude. Hence, a sensor based on a FET is intrinsically more sensitive than
a chemiresistor. In Chapter 5 it has been shown that the electrical transport does not
change when the transistor is exposed to NO2. However, the transport changes in an
NO2 ambient when a continuous gate bias is applied. This change can be monitored by
shortly interrupting the continuous gate bias and measuring a transfer curve. As shown
schematically in Figure 9.1a the transfer curve then shifts with time to the applied gate
bias. The shape remains the same. The only change is the threshold voltage, here
empirically taken as the onset of current modulation. The mechanism is due to gate bias
controlled charge trapping of electrons at the gate dielectric ZnO interface.2,3
When the gate bias is turned off, the trapped electrons are thermally released and the
threshold voltage recovers to its original value as schematically depicted in Figure 9.1b.
The time constants for charging and recovery depend on temperature and partial NO2
pressure. By intermittently turning the gate bias on and off, the threshold voltage shifts
up and down and a dynamic equilibrium of the threshold voltage is reached. The gate
bias pulse sequence and temperature can be chosen in such a way that the dynamic
equilibrium of the threshold voltage depends on the partial NO2 pressure, as depicted in
Figure 9.1c. The field-effect transistor then functions as a dynamic real-time sensor.
In Chapter 8, the temporal behavior of the threshold voltage was modeled to set the
operating temperature and cycle time to obtain a reversible sensor. The model uses as
input the threshold voltage dynamics as a function of temperature and NO2 pressure as
measured in Chapter 6 for both charging and recovery. The response of the transistor
can then be calculated with experimentally determined parameters, without the use of
any additional fit parameters. Here, the phenomenological model is implemented into a
hardware demonstrator sensor. The sensor is able to monitor the partial NO2 pressure in
air in real time. Concentrations as low as 40 ppb have been detected. The measurements
are verified by comparing the sensor response with a calibrated commercial NO2 detector.
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Figure 9.1: NO2 sensing principle with a field-effect transistor. a) Schematically depicted
transfer curves of a field-effect transistor in an NO2 ambient upon charging. When a continuous
gate bias of 30 V is applied, the transfer curve shifts with time, as indicated by the arrow. The
threshold voltage starts at 0 V and saturates at the applied gate bias of 30 V. b) Recovery.
When a zero V gate bias is applied, the threshold voltage shifts back with time to its original
value. The temperature is set to obtain comparable time constants for trapping and recovery.
c) Analytically calculated threshold voltage response as a function of time under intermittently
applying a gate bias. The pulse profile is indicated in grey. The threshold voltage shifts up and
downwards under charging and recovery. The dynamic equilibrium value is reached that depends
on the partial NO2 pressure. The NO2 content is varied with time as indicated.
9.2 Sensor fabrication
The fabrication of unipolar n-type ZnO field-effect transistors has been described in
detail in Chapter 2. Test substrates have been used as depicted on the photograph in
Figure 2.1 of the same chapter. The ZnO was applied using spray pyrolysis in ambient
atmosphere.4 A solution of zinc acetate in methanol was nebulized and deposited on
top of the transistor substrate, heated at 400 ◦C. XRD and AFM measurements showed
that the 10 nm thick ZnO layers exhibited a microcrystalline morphology. To reduce the
surface conductivity of the ZnO layer, a self-assembled-monolayer (SAM) of n-octadecyl
93
Chapter 9. Real-time NO2 detection at ppb level with ZnO field-effect transistors
phosphonic acid was applied from a 3 mM ethanol solution. The SAM was tested to
have no effect on the sensitivity towards NO2. The passivated ZnO transistors had a
field-effect mobility of 0.1-2 cm2/Vs and showed negligible hysteresis and high stability
under gate bias stress in inert atmosphere.
The sensor cell was fabricated from Teflon and equipped with feed-throughs for the
electrical source, drain and gate contacts. For demonstration purposes a large box of
0.4 L was used. A photograph is presented in Figure 9.2a. The transistor was placed
on to a ceramic plateau, fitting around a UHV Substrate Heater (HeatWave Labs, Inc.)
and contacted. The temperature of the heater, electrically insulated from the transistor
substrate by a locally thin ceramic sheet, was regulated using a Eurotherm 2416 con-
troller and a Delta power supply. To maintain visibility of the sensor but to prevent UV
irradiation from distorting the measurement, the polycarbonate lid of the flow cell was
covered with an orange foil filtering UV light.
Figure 9.2: Sensor cell and system. a) Photograph of the Teflon sensor cell containing a ZnO
field-effect transistor mounted on a heater. For demonstration purposes a large box was used.
The lid of the flow cell was covered with an orange foil filtering UV light. b) Photograph of the
complete sensor system containing the sensor cell, Teflon tubings, additional flow meters, NO2
permeation tube, molsieves moisture filters, vacuum pump and peripheral electronics.
A block diagram of the gas flow system is depicted in Figure 9.3. Air flow was achieved
by using a diaphragm vacuum pump. Teflon tubings were used. Ambient air was dried
with molsieves (Type 3A, 8-12 mesh beads, Janssen Chimica). No other precautions
were taken. The humidity of the exhausted air was measured to be 40 ppm, 0.2 % of
the original humidity. As NO2 source, a permeation tube was chosen with a calibrated
emission rate of 369 ng/min at 45 ◦C and 200 sccm (Kin-Tek). The temperature of
the permeation tube was regulated with a Eurotherm 2216e controller. A 4-port 2-way
valve was applied to switch the NO2 flow from the sensor cell to the bypass, while
ensuring continuous flow over the permeation tube. Two mass flow controllers were
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used to regulate the flow speeds through the sensor cell and the bypass. For calibrated
measurements, the exhausted flow from the sensor cell was redirected to a commercial
reference sensor based on chemiluminescence, an Eco Physics CLD 88p NO analyser. A
gas converter (series CG, M&C TechGroup) was used to convert NO2 catalytically to NO
at 330 ◦C with a carbon molybdenum mixture. Electrical measurements were carried out
using a Keithley 2602 System Source Meter controlled by an in-house developed Labview
program as described in the next section. A photograph of the complete sensor system








Figure 9.3: Block diagram of the gas flow system. An air flow was achieved by using a diaphragm
vacuum pump. Ambient air was dried with molsieves. As an NO2 source a permeation tube
was used. A 4-port 2-way valve was applied to switch the NO2 flow from the sensor cell to the
bypass, while ensuring continuous flow over the permeation tube. With two mass flow controllers
(MFC) the flow speeds were regulated through the sensor cell and the bypass.
9.3 Methodology and implementation
The complete sensor response as a function of time, bias, temperature and NO2 can be
described by the model for the temporal behavior of the threshold voltage that is described
in Chapter 8. Only three parameters for charging and three parameters for recovery are
used, ν, T0 and Ea, and a normalization factor for the NO2 concentration. To extract
these input parameters for the model, charging and recovery measurements have been
performed previously on ZnO field-effect transistors as a function of temperature and
NO2 pressure in Chapter 5 and 6. The parameters are constant for a given transistor.
The extracted values for ν, T0 and Ea for the present transistor are 11 Hz, 960 K and
0.1 eV for charging and 1011 Hz, 750 K and 1.2 eV for recovery. The measurement
protocol, including the operating temperature, pulse time and duty cycle, was set using
the sensor model in order to obtain a reversible sensor.
In the measurement protocol, the gate is intermittently turned on and off. The gate
bias as a function of time is depicted as the grey block diagram, as shown in Figure 9.1c.
The NO2 concentration is varied with time from 10 ppb for the first 120 seconds, then
1000 ppb for the next 160 seconds and finally 300 ppb for 160 seconds. The black curve
represents the threshold voltage as a function of time, calculated using Equations 8.1 and
95
Chapter 9. Real-time NO2 detection at ppb level with ZnO field-effect transistors
8.2 or 8.4 for recovery or charging, respectively, given in Chapter 8. When a gate bias is
applied the transistor is charged and the threshold voltage shifts. When the transistor is
turned off, the transistor recovers. By pulsing the gate, the threshold voltage oscillates
between a maximum voltage after charging and a minimum voltage after recovery. After
a number of cycles, equilibrium is reached, in which the threshold voltage at the end of
the charging pulse corresponds to the NO2 concentration.
The flow chart to determine the NO2 partial pressure from the dynamic electrical
measurement of the sensor is presented in Figure 9.4. First a look up table is created. The
three parameters describing the charging dynamics and the three parameters describing
the recovery are used as input. Then the gate bias, the measurement protocol and
temperature are set. For a given NO2 pressure the threshold voltage is calculated as a
function of time using Equations 8.1 and 8.2 or 8.4 for recovery or charging, respectively.
In the calculation, a correction for probing the threshold voltage is implemented by taking
into account the average charging and recovery time of the transfer curve measurement.
The calculations are continued until convergence is reached indicating that the dynamic
equilibrium has been obtained. The minimum and maximum extracted voltages are stored
together with the set NO2 pressure. The look up table is completed for the relevant NO2
pressures and used as calibration curve.
The gate bias protocol and temperature chosen in the model are applied to the
transistor. As measurement protocol we used 10 seconds gate bias pulse at 30 V for
charging and 10 seconds at zero gate bias for recovery. The temperature was set at
200 ◦C. Based on the activation energies of charge trapping and release, experimentally
determined in Chapter 6, the sensor is reversible at this temperature. The threshold
voltage is experimentally extracted at the end of each charging and recovery pulse. To
this end a transfer curve is recorded, by measuring the source-drain current with increasing
gate bias at a low drain bias of 2 V. To reduce charge trapping during the probing of
the threshold voltage, the transfer curves were measured using a short integration time
and a compliance stop. The compliance stop was chosen at 100 nA, one decade above
the noise of the off-current. The threshold voltage is extracted from the final gate bias
by subtracting a fixed offset of 2 V. This offset was experimentally determined. The
threshold voltage is translated into NO2 concentrations using the lookup table. The
discretisation of the threshold voltage sets the NO2 concentration resolution. Finally, in
the case that the transistor is sensitive to conventional gate bias stress, due to e.g. high





(tc, tr, T, Vcharging)
Create lookup table for
Vth(charging) and Vth(recovery) versus NO2 partial pressure
from Eqs. 1 and 4
Charging routine:
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Measure transfer curve and 
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Measure transfer curve and 
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Change measurement 
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YES           /              NO
Figure 9.4: Flow chart to determine the NO2 partial pressure from the electrical measurement
of the sensor.
9.4 Sensor verification
To perform dynamic measurements a transistor was mounted in the sensor cell and the
heater was set at 200 ◦C. The vacuum pump was turned on and the system was flushed
with air for one hour. The measurement protocol was started and the permeation tube
was heated to deliver a certain amount of NO2. The signal from the sensor was processed
as described above in Section 9.3 and recorded. The flow was switched intermittently
from air with an air without NO2. The NO2 content was varied by adjusting the tem-
perature of the permeation tube. The dynamic sensor response, the NO2 concentration
as a function of time, is presented in Figure 9.5 as the black curve.
The discretisation of the determined threshold voltage was set at 0.1 V which yields
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Figure 9.5: Sensor verification. The ZnO field-effect transistor sensor was heated, turned on
and equilibrated. Then the NO2 concentration was set by adjusting the temperature of the
permeation tube. The flow was switched by the 4-port 2-way valve between sensor and bypass.
The measured NO2 concentration as a function of time is presented by the black line. The
grey line represents the NO2 content as simultaneously measured with a calibrated commercial
reference sensor.
a resolution in NO2 concentration of about 20 ppb. The lowest stable concentration
achieved, set by the minimum quantity the permeation tube can deliver, was 40 ppb.
The base line is about 10 ppb. This background is due to degassing of the Teflon walls of
the sensor cell. The sensor is capable to detect these minimal changes in concentrations.
The sensor was tested up to an NO2 level of 1 ppm. Above 1 ppm, the threshold voltage
is almost at the applied gate bias and the concentration can no longer be resolved. When
a higher concentration range is desired, this saturation can be addressed by reducing the
stress time or increasing the temperature.
The response time of the sensor at 200 ◦C lies between tens to hundreds of seconds.
A new value of the threshold voltage is recorded every 22 seconds and compared to
the calibration curve calculated in equilibrium. When the concentration in the system
has changed, a new equilibrium has to be obtained by performing multiple measurement
cycles. The equilibrium is reached faster at higher temperatures and higher NO2 con-
centrations. The response time can be further optimized by adjusting the measurement
protocol. However, there will be an inherent trade off between sensitivity and response
time. In addition, the enormous dead volume of the current sensor cell prevents fast
intermixing and limits the time resolution to around 100 seconds.
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To verify the sensor response the NO2 content was simultaneously measured with the
Eco Physics NO sensor system. The recorded response is presented in Figure 9.5 as the
grey curve. A good agreement between the measured and reference data is obtained,
which validates the methodology used. Only a minor drift in the NO2 concentration
measured by the ZnO FET sensor was observed. The nature of the drift is unclear,
possible reasons are slight variations in temperature or influence of the residual 40 ppm
water.
The Eco Physics NO sensor is a compact expensive stand-alone system being used for
environmental monitoring, industrial applications such as waste incineration, and exhaled
breath analysis in hospitals. The price prohibits point of care use. Here it is shown
that a similar performance can be obtained with a single field-effect transistor as NO2
transducer. The transistor can be fabricated using standard IC technology, which can
easily be miniaturized and used in a variety of handheld applications. The detection is
not optical but only electrical. The implementation of the transducer can therefore lead
to a major cost reduction of an NO2 detection system.
The present sensor is sensitive to water: operating the sensor in wet air causes in-
stability observed as a baseline drift. The absorption of water onto a gate dielectric
such as SiO2 in transistors causes threshold voltage shifts. Surface passivation of silanol
groups by organic primers (e.g. HMDS or OTS) have been shown to strongly reduce
these instabilities.5 Optimization of the gate dielectric of the ZnO sensor might solve
this problem, but experiments have not been attempted. Here molsieves were used to dry
the ambient air. The water content was measured to be at most 40 ppm. This procedure
is sufficient to yield a reliable sensor. Regeneration of the molsieves is needed after one
week of full operation. The ZnO transistor was stable in NO. The sensor in combination
with the developed measurement protocol did also not show baseline drifts in compressed
dry air, indicating that the sensor is insensitive to oxygen. Although the sensor dynamics
and extracted parameters were determined from measurements performed in nitrogen
they could be successfully used to determine the NO2 concentration in the ambient air
dried by the molsieves. The shelf life of the sensors in ambient was found to be over a
year and under dry conditions the sensor has been operated for a multiple days without
any drop in performance.
9.5 Conclusions
A functional real-time NO2 sensor based on a ZnO field-effect transistor was presented.
The dynamic response of the sensor was calculated using a phenomenological charge
trapping model, using only experimentally determined parameters. The parameters are
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constant for a given transistor and have been determined previously. The analytical model
was implemented in the sensor protocol to create a hardware demonstrator sensor. A
sensor has been fabricated and tested. The NO2 concentration was measured in real
time. The response was verified by simultaneously measuring the NO2 content with a
calibrated reference sensor. The perfect agreement obtained validates the sensor and
methodology.
The sensor is capable of detecting concentrations as low as 40 ppb. The sensor
functions up to an NO2 level of 1 ppm. When a different concentration range is desired,
the detection protocol can be adapted. The sensor operates in ambient air. Apart from
drying with molsieves, no further precautions were taken to purify the air, showing that
the fabricated sensor is selective for NO2. The real-time detection of low concentrations
of NO2 down to the ppb level sets a precedent for sensing with field-effect transistors.
Watch the movie of the sensor demonstrator on:
www.youtu.be/YAQ5vCIKP1E
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Fabrication of miniaturized, low-cost electronic gas sensors is important for a broad range
of applications, such as in- and outdoor air quality monitoring, medical diagnostics and
food quality control. Electronic sensors have the advantage that the signal can easily
be read and recorded via low-end supporting electronics. Miniaturization allows for use
in handheld detection systems. The sensor can, for example, be integrated in a mobile
phone and be used to test the owner’s breath alcohol content or bad breath.
The electronic sensor that is studied in this thesis is based on a field-effect transistor.
The transistor is a key component in electronic circuits and acts as a micro-electronic
switch. In a field-effect transistor the semiconductor is contacted by two electrodes,
the source and the drain. The third electrode, the gate, is electrically insulated from
the semiconductor by a dielectric layer. The current through the semiconductor can be
modulated by orders of magnitude by adjusting the bias applied to the gate. Due to
this current modulation, a sensor based on a field-effect transistor is intrinsically more
sensitive than commercially available resistive sensors. The key device parameters of the
field-effect transistor, such as the mobility and the threshold voltage, can be used to
characterize the sensor response.
An interesting application area for field-effect transistor based sensors is the detection
of nitrogen oxides, NOx. Nitrogen oxides are released by the combustion of fossil fuels,
for example by cars, trucks, buses and power plants. These environmental pollutants
play a major role in the formation of ozone, acid rain and smog. Nitrogen dioxide,
NO2, is used as the indicator for the larger group of NOx and is the component of
greatest concern. Inhalation of NO2 has been linked to adverse respiratory effects such
as airway inflammations. Real-time monitoring of NO2 is therefore of utmost importance
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for public health and environmental safety. In this thesis, the operational mechanism of
NO2 detection with field-effect transistors is investigated and the obtained insights are
used to develop a sensitive, real-time NO2 sensor.
Detection of nitric oxide, NO, in exhaled breath can be used to identify an infection of
lung tissue. The NO level in exhaled breath increases three to fivefold a few days before
an asthma attack. In Chapter 3, an NO sensor is described based on a self-assembled
monolayer field-effect transistor (SAMFET). A SAMFET based sensor is highly sensitive
because the analyte and the active channel are separated by only one monolayer. The
sensor is functionalized for direct NO detection using iron porphyrin receptors. Upon
exposure to NO, a threshold voltage shift towards positive gate biases is observed. It
is argued that the threshold voltage shift is due to trapping of charges. The sensor
response is examined as a function of NO concentration. Extremely high sensitivity is
demonstrated by detection of concentrations NO in the low parts per billion range.
A change of the threshold voltage is observed as well in organic field-effect transistors
with a specific self-assembled monolayer (SAM) on the gate dielectric. The sign of the
threshold voltage depends on the chemical nature of the SAM. In Chapter 4, scanning
Kelvin probe microscopy in combination with exfoliation of the semiconductor is used
to investigate the origin of the threshold voltage shift. The surface potentials of the
revealed SAMs are shown to perfectly agree with the threshold voltages measured before
delamination. This demonstrates that the threshold voltage shift is due to charge trapping
at the SAM.
In Chapter 5, zinc oxide field-effect transistors are investigated as NO2 sensors. It is
shown that upon application of a positive gate bias during NO2 exposure, the threshold
voltage shifts towards that applied gate bias. The dynamics of the shift under prolonged
gate bias are evaluated at room temperature as a function of the NO2 concentration and
ZnO layer thickness. The temporal behavior can be described by a stretched-exponential
relaxation. A mechanism for NO2 detection involving charge carrier trapping is proposed.
The generic nature of the detection mechanism is illustrated by demonstrating similar
sensor responses using different semiconductors.
A requisite for a real-time sensor is reversibility. During NO2 exposure, the threshold
voltage shifts due to gate bias induced electron trapping. When the gate bias is turned
off, the trapped electrons can be thermally released. In Chapter 6, the dynamics of charge
trapping and recovery are presented as a function of temperature. The complete charging
and recovery dynamics can be described by a stretched-exponential time dependence with
three parameters for each process: an activation energy, an attempt-to-escape frequency
and a characteristic temperature. The extracted activation energy for recovery points to
deep traps around 1.2 eV. The presence of trapped charge carriers and the trap depth
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are verified with thermally stimulated current measurements.
The location of the trapped electrons in NO2 sensors based on organic field-effect
transistors is studied in Chapter 7. Three different organic semiconductors are used.
Surface potential measurements before and after exfoliation of the semiconductor reveal
that the charges are not in the semiconductor but at the gate dielectric, here SiO2.
Pinpointing the location paves the way to optimize the sensitivity of NO2 field-effect
transistor sensors.
In Chapter 8, the obtained fundamental insights into the detection mechanism are
translated to an analytical model that is used to calculate the dynamic response of the
sensor. Only the three experimentally determined parameters are used, there are no
additional fit parameters. Based on this phenomenological model, a sensor protocol is
developed for a functional NO2 sensor that monitors the NO2 concentration in real time.
The gate bias is turned on intermittently at elevated operating temperatures in order to
make the sensor reversible. The model is experimentally verified and can be used as a
tool to optimize the sensor. By for example adjusting the operating temperature or the
duration of charging and recovery, the response time can be optimized and the sensitivity
can be maximized for the desired NO2 concentration range.
Finally, we developed a sensitive, real-time and functional NO2 sensor prototype based
on a ZnO field-effect transistor, as presented in Chapter 9. The analytical model is imple-
mented into the sensor protocol. The NO2 concentration in dried ambient air is monitored
for concentrations down to 10 ppb. The response is verified by simultaneously measuring
the NO2 concentration with a calibrated reference sensor. A good agreement between
the measured and reference data is obtained, which validates the sensors performance
and methodology. The sensor can be fabricated using standard IC technology, which can




Kleine en goedkope elektronische gassensoren kunnen worden ingezet voor allerlei toe-
passingen, zoals het meten van de luchtkwaliteit in de binnen- of buitenlucht, het stellen
van medische diagnoses of het bewaken van de voedselkwaliteit. Een elektronische sensor
heeft als voordeel dat de meetresultaten elektrisch kunnen worden uitgelezen. Bovendien
zijn ze, dankzij hun kleine formaat, uitermate geschikt voor draagbare detectiesystemen.
Zo kan de sensor bijvoorbeeld ge¨ıntegreerd worden in een smartphone en gebruikt worden
om een alcohol promillage te bepalen of op slechte adem te testen.
De elektronische sensor die onderzocht wordt in dit proefschrift is gebaseerd op een
veld-effect transistor. De transistor is een belangrijk element in elektronische circuits
en gedraagt zich als een schakelaar. Twee elektrodes van de veld-effect transistor, de
’source’ en de ’drain’, staan in direct contact met de halfgeleider. De derde elektrode, de
’gate’, is elektrisch ge¨ısoleerd van de halfgeleider door een die¨lektricum. De stroom door
de halfgeleider kan aan en uit worden gezet door de spanning op de gate aan te passen.
Doordat het verschil in stroom tussen ’aan’ en ’uit’ groot is, is een sensor die gemaakt
is van een veld-effect transistor veel gevoeliger dan bestaande weerstandsensoren.
Een interessante toepassing voor op veld-effect transistor gebaseerde sensoren is de
detectie van stikstofoxiden, NOx. Stikstofoxiden komen vrij bij de verbranding van fossiele
brandstoffen, bijvoorbeeld in auto’s, bussen en elektriciteitscentrales. Ze spelen een
belangrijke rol bij luchtvervuiling: ze zijn mede de veroorzakers van zure regen en smog.
Stikstofdioxide, NO2, wordt gebruikt als indicator voor de grotere groep NOx en is de
meest schadelijke component. Inademen van NO2 is schadelijk voor de luchtwegen,
niet alleen voor mensen, maar ook voor dieren. Daarom is het enorm belangrijk om
de NO2 concentratie goed te kunnen meten. In dit proefschrift wordt bestudeerd hoe
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NO2 detectie met veld-effect transistoren werkt. De uitkomsten van dit fundamentele
onderzoek worden gebruikt om een gevoelige, realtime NO2 sensor te ontwikkelen.
Het analyseren van de samenstelling van uitgeademde lucht geeft informatie over
de gezondheid van de betreffende persoon. Het meten van een verhoogde concentratie
stikstofmonoxide, NO, in uitgeademde lucht kan duiden op een luchtweginfectie zoals
astma. In Hoofdstuk 3 wordt een NO sensor gepresenteerd die gemaakt is van een
zelfgeassembleerde monolaag veld-effect transistor (SAMFET). Een SAMFET sensor is
extreem gevoelig omdat het gas en het geleidende kanaal slechts e´e´n monolaag van elkaar
verwijderd zijn. Om NO detectie mogelijk te maken is de sensor gefunctionaliseerd met
een extra laag porfyrinereceptoren. Bij blootstelling aan NO schuift de drempelspanning
naar positieve waarden. Deze drempelspanningsverschuiving wordt veroorzaakt door vast-
gezette lading. Het kunnen detecteren van extreem lage concentraties NO laat zien dat
de gevoeligheid van de sensor inderdaad hoog is.
Een drempelspanningsverschuiving wordt ook gemeten in organische veld-effect tran-
sistoren met een zelfgeassembleerde monolaag (SAM) op het gatedie¨lektricum. De rich-
ting van de verschuiving wordt bepaald door de chemische compositie van de SAM.
In Hoofdstuk 4 wordt met scanning Kelvin probe microscopy (SKPM) en een techniek
om de halfgeleider van het die¨elektricum af te halen de oorzaak van de drempelspan-
ningsverschuiving onderzocht. De gemeten oppervlaktepotentiaal van het blootgestelde
SAM-gemodificeerde die¨lektricum is precies gelijk aan de drempelspanning bepaald voor
het afpellen. Dit toont aan dat de drempelspanningsverschuiving wordt veroorzaakt door
vastzittende lading in de SAM.
In Hoofdstuk 5 wordt NO2 detectie met zinkoxide veld-effect transistoren bestudeerd.
Wanneer de transistor wordt blootgesteld aan NO2 en een positieve gatespanning wordt
aangelegd, dan schuift de drempelspanning naar die aangelegde gatespanning. De dyna-
mica van de verschuiving wordt op kamertemperatuur geanalyseerd als een functie van de
NO2 concentratie en de zinkoxide laagdikte. De tijdsafhankelijkheid kan worden beschre-
ven met een gestrekte exponentie¨le formule. Een mechanisme voor NO2 detectie wordt
voorgesteld waarin NO2 zorgt voor het immobiliseren van de elektronen. Dit mechanisme
geldt niet alleen bij gebruik van zinkoxide maar ook bij gebruik van andere halfgeleiders.
Een vereiste voor een realtime sensor is reversibiliteit. Bij blootstelling aan NO2 ver-
schuift de drempelspanning als gevolg van het vastzetten van de mobiele elektronen die
worden ge¨ınduceerd door de gatespanning. Als de gatespanning wordt uitgezet kunnen de
vastzittende elektronen door voldoende thermische energie weer ontsnappen. In Hoofd-
stuk 6 wordt de dynamica van het vastzetten en weer losmaken van lading bestudeerd
als een functie van de temperatuur. De complete dynamica kan worden beschreven met
een gestrekte exponentie¨le tijdsafhankelijkheid met drie parameters voor het invangen
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van de elektronen en drie parameters voor het ontsnappen van de elektronen, te weten:
een activeringsenergie, een karakteristieke frequentie en een karakteristieke temperatuur.
De gevonden activeringsenergie voor het ontsnappen van een elektron is 1.2 eV, wat
duidt op een energetisch diepe val. Met een andere techniek, thermisch gestimuleerde
stroommetingen, wordt bevestigd dat de elektronen vastzitten op een energie niveau met
een diepte van deze waarde.
De locatie van de vastzittende elektronen die zijn gecree¨erd bij de NO2 experimenten
wordt onderzocht in Hoofdstuk 7 met organische veld-effect transistoren. Drie verschil-
lende organische halfgeleiders worden gebruikt. Oppervlaktepotentiaalmetingen voor en
na het verwijderen van de halfgeleider laten zien dat de ladingen niet in de halfgeleider
zitten maar op het gate die¨lektricum. Deze informatie geeft mogelijkheden om de gevoe-
ligheid van de NO2 veld-effect transistor sensoren te optimaliseren.
In Hoofdstuk 8 worden de verkregen fundamentele inzichten in het detectiemecha-
nisme vertaald naar een analytisch model dat gebruikt wordt om de dynamische respons
van de sensor te berekenen. Slechts drie experimenteel bepaalde parameters zijn nodig,
er worden geen extra fit parameters gebruikt. Het model vormt de basis voor een sensor-
protocol, waarmee de veld-effect transistor sensor de NO2 concentratie in real time kan
meten. Om de sensor reversibel te maken wordt op hoge temperatuur de gatespan-
ning telkens aan en uit gezet. De voor een bepaalde concentratie berekende sensor-
respons komt overeen met de gemeten respons bij die concentratie. Het model kan
daarnaast gebruikt worden om de sensor verder te optimaliseren. Zo kan bijvoorbeeld
berekend worden welke gevolgen een aanpassing van de temperatuur of de tijdsduur van
de gatespanningspuls heeft op de gevoeligheid of de responstijd.
Tenslotte wordt in Hoofdstuk 9 een gevoelige, functionele, realtime NO2 sensor pro-
totype gepresenteerd. Met de zinkoxide veld-effect transistor kan de NO2 concentratie
worden gemeten in gedroogde lucht voor concentraties zo laag als 10 ppb. De respons van
de zinkoxide veld-effect transistor is gecontroleerd met een gekalibreerde en commercieel
verkrijgbare referentiesensor. De transistor sensor meet dezelfde concentraties met een
vergelijkbare gevoeligheid. Bovendien kan de in dit proefschrift ontwikkelde sensor worden
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